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INTRODUCTION

The problem of the tuning and stimulation of ~vy-radiation is one of a
class of interesting concerns dealing with the properties of coherent nuclear
states. It is generally recognized that studies of phenomena associated with
the properties of coherently excited quantum states of matter at the atomic
and molecular levels have revolutionized the traditional fields of optics and
spectroscopy over the past decade. These efforts have benefited greatly from
techniques that generally exchanged the readily available coherence of a
radiation field for coherent states of material excitation. In contrast, it
would seem at first that the low intensities of virtually all sources of
quanta large enough to be used for the excitation of nuclear states, together
with the shortened dephasing times that might characterize the coherent
excitation of such levels, would deter comparable studies of excited nuclei.

Our early theoretical estimates''® had suggested the opposite; namely that
coherent superpositions of states of nuclear excitation might be produced or
altered to a readily detectable extent by intense fields of longer wavelength
electromagnetic radiation. Rather diverse processes involving such effects
were discussed and modeled, including our efforts at quantitatively describing
multiphoton absorption, emission, and mixed Raman-type scattering,'8 stimulat-
ed y-radiation3® and even some particle processes such as induced neutron
capture and fission.%5.8 A very fertile interdisciplinary area of nuclear
quantum electronics’ appeared to be developing, encouraged by the further
theoretical and experimental results of our subsequent work?22 under this
contract.,

Perhaps surprisingly, within the new field of research the conclusions of
successively refined modeling studies are becoming progressively more
positive. This is particularly so in our own case for the tuning and
stimulation of nuclear radiations. As mentioned at the inception of this
work, the feasibilities of both the coherent and incoherent pumping of nuclear
transitions with "optical" radiation were dependent upon various nuclear
properties that were (and still are) uncertain by several orders of magnitude.

The amplitudes for upconversion were expected to depend critically upon the




energies and symmetries of potentially resonant intermediate states for the
processes that lie in the "blind spots" of conventional nuclear spectroscopy
and that cannot be resolved with existing technology. Reports in the
literature continue to span a range of values which would cause threshold
estimates for the stimulation of gamma radiation to vary from routine to
impossible; and it still appears that much additional basic study of the
structure and properties of nuclear excitation, particularly near isomeric
levels, must precede any truly indicative estimate of the feasibility of any
stimulated emission device. However, the results of the ongoing experiments
continue to be extremely positive.

As a part of this contract work several new technologies were started,
one of which has reached a high level of development, having emerged now as a
dependable instrument.?3 It is the nuclear analog for gamma radiation of one
of the methods for implementing laser spectroscopy at optical frequencies.

Most laboratory sources of gamma radiation emit at levels of intensity
corresponding to single photon conditions and Méssbauer experiments are rarely
conducted at such great intensities that the detection of two photons would be
probable in the transit time spent between source and absorber. Under those
conditions, the perception of gamma rays as streams of particles in instinc-
tive. Nevertheless, as elements of electromagnetic radiation they must also
be considered as carrier waves of high frequency. As the name would imply,
our technique of Frequency Modulation Spectroscopy (FMS) developed under this
contract derives its operation from the modulation of the gamma-ray carrier.
It represents a translation into the nuclear domain of one of the powerful

techniques of laser spectroscopy at the atomic level.2
TECHNICAL BACKGROUND AND SUMMARY OF ACHIEVEMENTS

All of the processes of interest in the new interdisciplinary field of
nuclear quantum electronics that were mentioned in the introduction have a
common requirement for the significant excitation of coherent superpositions
of nuclear states with non-nuclear sources. This is actually the central
issue. All conventional sources of nuclear radiations, including weapons

level of power, are generally inadequate for the excitation of coherent
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nuclear states. Principally because it can be focused, conventional laser
radiation offers a unique possibility for the preparation of such states,
provided certain conditions are met. If such states can be prepared, the
essential control of nuclear processes will be at hand. Radioactive decay can
be slowed, accelerated or stimulated for laser-like output at energies in the
10-100 keV range. All of the accelerated processes involving particles that

were discussed in the introduction can be realistically pursued. Most of the

processes of nonlinear optics can be conceived to have analogs at the nuclear

level, if reasonable levels of coherent excitation of nuclear states can be
accomplished with non-nuclear input energy.

Resolution of this critical issue depends upon the availability of
intermediate states at the nuclear level and upon the magnitude of the
interaction matrix elements coupling them to known stationary states. Since
these questions lie outside the normal purview of nuclear physics, the answers
are not available, and the techniques for obtaining them are arising mostly
from our work. Our research under this contract has had the overall plan of
first developing the methods while refining the modeling, and secondly, of
approaching directly the question of accessibility of threshold for signifi-
cant levels of stimulated emission.

One large-scale application of the basic concepts and technologies
developed under this contract along the 1line of incoherent pumping was
spun-off in 1986 for implementation under separate contract to SDIO/IST. More
dependent upon continued basic research was this other line of coherent
pumping, lying at the focus of efforts continued since 1986 under this ONR
contract. As mentioned in the Introduction, in this direction technology has
been advanced to yield a conceptual analog?® of the narrow-line, tunable
spectroscopic sources which supported the investigation of atomic and
molecular properties with the level of resolution required for development of
conventional types of lasers.

Surprisingly, the development of this promising field of nuclear quantum
electronics has followed an excessively tortuous path dominated by a curious
burden of history and counterproductive tradition. The most accessible

sources of high power, coherent radiation lie in the radiofrequency and
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microwave ranges and in 1980 a“review was made of the comprehensive literature
on hyperfine Méssbauer effects‘ﬁbigrved in the presence of intense radiofre-
quency fields. Remarkably enough,® a major effect was found that had defied
the construction of a completely satisfactory explanation in terms involving
only conventional processes of incoherent excitation. It was the generation
of radiofrequency sidebands on the hyperfine Mﬁ;ébauer spectra of ??%;\ in
ferromagnetic environments .2¢-39" Through the application to a ferromagnetic
iron foil of a magnetic field oscillating at radiofrequencies, several new
spectral lines were produced in addition to the usual six hyperfine components
of the 14.4 keV transition in 37Fe. The rudiments of a multiphoton scheme had
been advanced by Mitin3® to explain the effect in 1971, but essential concerns
were missed3® and that attempt was apparently abandoned. Through a series of
misleading but compelling experiments,%0 evidence was obtained that seemed to
support an explanation attributing the sidebands to Doppler shifts caused by
acoustic vibrations driven by magnetostriction of the foil+ "A persistent
complication arose from the geometry in which the radiofrequency H field was

generally applied in the plane of the absorber foil, so that magnetostriction

occurred in the direction perpendicular to the axis of propagation of the
-

—

- 4-radiation. However, that was accommodated by the assumption® of mechanical

~. Tt s Vb l; ”~

resonances that drove the?%oil in a manner similar to the head of a drum.
Quantitative agreement was never obtained with that model but it came to be
believed with a fervor unusual in experimental physics.

In 1978, West and Matthias*! reported the first clear case of the excita-
tion of a coherent nuclear state with long wavelength radiation. They
succeeded in producing at the level of the noise, two radiofrequency sidebands
on the 6.1 keV transition of '8'Ta in nonmagnetic tungsten. Working with
frequencies low enough to be comparable to the Mdssbauer width of the
transition, at kilowatt 1levels of input power sidebands finally became
perceptible. In 1981, Olariu et al.> showed theoretically as a consequence of
more general modeling of processes of coherent nuclear excitation'4 that a
multiphoton model comparable to the Matthias estimate*! could explain in both
magnitude and detail that much stronger development of sidebands in the

earlier 57Fe experiments. However, the Olariu-Matthias representations had
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been constructed under the assumption that static magnetization was absent in
the Mdssbauer absorber and as a result that model was rigorously appropriate
only for nuclei embedded in paramagnetic samples. It was one of the first
tasks of our group to test the Olariu-Matthias model as an approximation for
ferromagnetic 37Fe and, if possible, to resolve experimentally the conflict
between magnetostrictive and multiphoton origins of the radiofrequency
sidebands.

The completion of that task succeeded in confirming only the encouraging
magnitudes of the sidebands while calling attention to the clear need for a
theoretical description more appropriate than the Olariu-Matthias "paramagnet-
ic" model. Subsequently, our group built a greatly extended database and
still we found intense sidebands on hyperfine components of the 14.4 Méssbauer
transition to be maximized under conditions that minimized chances for
spurious magnetostrictive effects. Prominent sidebands were observed at only
tenths of Watts in input power. Ambiguities in the identification of the
order and parentage of particular sidebands were resolved by several changes
of frequency. No sidebands were found on forbidden transitions in contrast to
the predictions of the simple paramagnetic model.

Another of the early tasks under our ONR contract was to construct a
multiphoton model for ferromagnetic environments. This description accommo-
dated all phenomena previously reported and suggested that the sidebands
developed in earlier experiments actually had been driven by the same
excitation of coherent states, perhaps benefiting from some enhancement
contributed by physical motions that could have developed if acoustic
resonances were present as had been postulated. Our ferromagnetic model also
showed that "forbidden sidebands" should not be expected for nuclei embedded
in real magnetic materials.

... Very significant was the result that unlike the paramagnetic case this
new model predicted a dependence of sideband intensity upon power that was
drastically different from the magnetostrictive theories. \ggée were the nodes
of power at which low order sidebands are quenched, a pre&igted phenomenon
receiving no support from observations spanning the past 20 years+y Even more

significant was that the new multiphoton model of nuclear sidebands was -
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~comprehensive enough to suggest new extrapolations and effects not previously
apparent. The most exciting was the extensive range over which sidebands
might be tuned. / This together with indications that it should be possible to
drive a large part of the modulated ferromagnestism (that is needed for a large
effect) into a different material with other active nuclei seemed to imply the
clear feasibility of the swept frequency source for nuclear spectroscopy which
was subsequently realized.

Only a very brief summary of the theory was ever published,'! but it
suffices to show the unfortunate complexity of the problem. A detailed review
of these theoretical accomplishments was presented in our Annual Report for
1986 and a copy is attached as Appendix I for convenience.

Despite the impressive agreement between results obtained with the new
instrumentation developed under this contract and the multiphoton models,
intense criticism continued to issue because of the belief that, somehow, all
effects which appear as sidebands arise from spurious acoustic vibrations
excited by magnetostriction of some of the various elements of the spectro-
scopic sample and its holder. In appearance our multiphoton spectra do
resemble the transmission spectra which can be obtained by imposing periodic
Doppler shifts of purely mechanical origin upon the Mdéssbauer source. This
unfortunate similarity in appearance between phenomena arising from such
different origins has provided the basis for years of critical controversy.

Quite independently and from completely difference directions, 4245
concepts were converging upon the same means to excite multiphoton effects at
significant levels. From a classical basis a Finnish group developed a model
based upon the modulation of the phase of a nuclear state,“2% and from
scattering theory a Soviet group*’ developed a quantum theory for an unrealis-
tic type of magnetic material. Our own concepts are best characterized as a
nuclear analog to the dressed state theory for atoms of Cohen-Tannoudji.%é

Though completely obscured by different terminology and by the gulf
between classical and quantum physics, ours and the Finnish representation are
the same. Because of its clarity, the Finnish description is superior since

we are able to justify it quantum mechanically.




For cases in which there is no static magnetic field*' or in which the

modulation is parallel to the static field® the effect of the time varying

component, H,f(t) upon a nuclear eigenstate of the nucleus, ¥°, , can be
written,
‘I'a,m - e'“a“"i'“)a'm , (1)
where ¢,(t) is the modulation angle of the phrase,
t
$.(t) = mw,,f f£(t’)de’ ' (2)
[}

and the Larmor frequency, w, is,

Wom = “N&Ho/*‘ ’ (3)
where py is the nuclear magneton, g, is the gyromagnetic ratio for the a-th
excited or ground state of the nucleus, and m is the magnetic quantum number
of the eigenstates.

In principle, the difference in phase modulation between the ground
state, g, and an excited state, e, may be observed during an absorption
transition because the Fourier components of pe(t)-¢g(t) will be manifest as
sidebands. However, since the transition will have a width, T associated with
the time-dependent decay of the states, unless,
ho, 2 T , (4)
the sidebands will be buried in the natural wings of the probing transition,

The Finnish group had derived the factor exp. [i(¢e—¢g)] and obtained the
sidebands but only for this case of linear media. With this restriction
coherent effects will inevitably be small. Our conceptual key to orders-of-
magnitude of enhancement of phase modulation effects has been reported!"13 to
lie in the use of smaller powers to manipulate the greater magnetic fields
arising from the natural correlations of individual spins in ferromagnetic
materials. However, the modulation dM/3t of the magnetization, M of a
ferromagnetic material is rarely parallel to either the applied field H, or
even to M, itself.4”7 For such cases of nuclei in ferromagnetic media the
modulation angle of Eq. (2) takes a more complex form;'' and one which causes

a mixing of the eigenstates, ¥(® ;. Nevertheless, the principal parameter is

still a Larmor frequency, @, which for magnetic environments becomes,

na - “Ngau/“ ' (3)




a value much larger than that found in Eq. (3) for nonmagnetic samples,
The approximate phase angle we developed!! becomes,
$a(t) = B,(we0y/w?) sin ¢, (sin wt - wtcoswt) , (6)
where w is the frequency of reversal of the applied fields, w, is the magnon
Larmor frequency, ¢, is the average angle between the perturbation and the
easy axis of the material,
Bg is 1 and B, = -3]w/wg|
In ferromagnetic foils our expression for the nuclear phase of Eq. (6)
replaces the Finnish expression of Eq. (2) for linear materials. Sidebands
are computed the same way from the Fourier coefficients of exp [i(4, - ¢g)];
while the dressed states come from the Fourier expansions of the individual
exp [i ¢4,] and exp [1 ¢g].
Essentially, the results are the same with the ferromagnetic media
scaling as (wék/wz) while the nonmagnetic materials would be limited to the
relative size of w;. Since Oy >> wy by the ratio of magnetization to free

space field strength, and w, >> w, because of the ratios of nuclear mass to

9
electron mass the effects will be much larger in magnetic media whenever
applied frequencies w are comparable to the static splittings of the nuclear
transitions of the order of w, and wg,

Motivated by the convergence of theories arising in such disparate
circumstances we focused considerable attention upon the disturbing impression
in the Mdssbauer community that an acoustic origin had been "proven" for all
sidebands by the benchmark experiment of Chien and Walker3? in 1976. 1In that
experiment an absorbing foil composed of ferromagnetic and nonmagnetic layers
was used to study transport of the causative agent from the ferromagnetic
layer into the nonmagnetic region where the sidebands were produced upon
Méssbauer transitions of embedded 57Fe nuclei. Very clear evidence showed
that the cause did arise in the ferromagnetic Ni layers, producing sidebands
in the nonmagnetic stainless steel layers. The most ready explanation at that
time was a transport of phonons from one layer to the next with a high
acoustic Q. Those experiments were repeated® but with extensions which

contradict the classic interpretation of Chien and Walker.3? In fact, our




reexamination shows the original experiment to have been so flawed that any
conclusions drawn from it must now be considered unproven.

As described in the Annual Summary Report for 1987 found in Appendix II,
sideband effects scale with the square of the number of ferromagnetic sources.
Interpreted as indicating the addition of fields from each source that are
squared to communicate power into the sideband intensities, such scaling is
completely inconsistent with an acoustic origin. In experiments such as
these, acoustic phonons are the bosons associated with vector fields driven by
tensor forces, not vector forces. Without invoking stimulated emission, we
can conceive of no way in which tensor sources which are physically separated
can produce coherent vector fields in a space between them, even if they are
temporally synchronized. The stimulated emission of phonons to produce
coherent additions of the displacements arising from the different sources
would imply the existence of a threshold of power, above which two modulation
indices of m would give an effect of 4m? and below which only 2m2. No such
threshold was suggested by the data which was obtained over an adequate range
of powers. Sidebands scaled consistently with 4m?. Two years later, this
work has finally been accepted for publication in Phys. Rev. B.

In the past year an even more critical experiment was conducted which
further reduced the role possible for magnetostrictively generated phonons in
sideband production. It represents a major milestone of achievement and is
reviewed in the following section. However, before reviewing those results
the completion of the instrumentation for Frequency Modulation Spectroscopy
(FMS) should be mentinned. The successes of this device are detailed in the
most recent Annual Report reproduced in Appendix T1I. There it is reported
that our prototype Nuclear Raman Spectrometer was refined into more mature
technology resulting in the Frequency Modulation Spectrometer (FMS) for
gamma-ray energies,

The original prototype device had required a tedious level of manual
interaction, and this was replaced with a fully automated and computerized
control system during the most recent reporting period. In its present form
the FMS device has an instrumental resolution of 100 Hz and a continuous

tuning range 10% Hz with a stability of 0.1 Hz/sec with no mechanical move-
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ments required anywhere. These characteristics are comparable to having a
Méssbauer spectrometer with a means of shifting the gamma-ray source with a

resolution of 10 nm/sec and a range of 100 mm/sec with a stability of 0.01

nm/sec/sec. Demonstration spectra were acquired with 57Fe showing isomer
shifts and thermal shifts. Because we were using a modulation type of
spectroscopy, the static features could be suppressed and these different
effects were obtained with great clarity.

Details of the mature FMS device are contained in the resulting article
contained in the Annual Report in Appendix II. It shows data demonstrating
the remarkable detail which can be readily obtained with this device. The
crowning achievement is found in Fig. 6 of that reprint where 24 sidebands are
seen in a tuning interval of 50 MHz, all having values of relative intensity
confirmed in the companion plot of a computer synthesis of that region of the
spectrum.

It appears that the FMS device developed in our laboratory has now proven
its utility as a tool in Moéssbauer spectroscopy. Besides standing ready to
serve in our own search for nearly resonant intermediate states for a
multiphoton process, it has the versatility to support many other kinds of

experiments as well.
MAJOR MILESTONE ACCOMPLISHMENTS OF 1988

In 1988, we had completed a major milestone experiment in which we showed
that effects attributed to multiphoton processes contained less than 1%
contamination by any contributions from spurious acoustic phenomenon. From
the beginning of this project we have maintained that the key to the excita-
tion of significant levels of multiphoton phenomena lies in the use of small
oscillating fields to manipulate the greater ferromagnetic and ferroelectric
fields in which the nuclei are immersed. Unfortunately, such materials are
almost always magnetostrictive or piezoelectric and the concern has lingered
that all coherent phenomena would be overwhelmed and degraded by periodic
Doppler shifts produced by vibrations excited by such mechanical efforts.

Reported in 1988 was the coherent excitation of magnetic sidebands on the

unsplit 14.4 keV transition of 57Fe in a stainless steel foil for which the
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attenuation length for the transport of acoustic phonons was much smaller than
the mean free path expected for the transport of spin waves. Stainless steel
is a ferromagnetic substance having its Curie temperature well below room
temperature. While the exchange energy between the constituent iron atoms is
large enough to coordinate spins and produce spontaneous magnetization, at
room temperatures thermal agitation destroys any long range ordering which may
be imposed. When interfaced to a material in which the magnetization is
oscillating, spin waves should be launched into the stainless at amplitudes
comparable to saturation.

As a basis for comparison, sidebands were excited on the unsplit absorp-
tion transition of 5’Fe nuclei at 14.4 keV in a stainless steel foil by
sinusoidal vibrations injected with a piezoelectric source as shown in Fig.
la. In the wusual longitudinal geometry for a transmission experiment a
convenient 1level of input power produced a reference level of sideband
development in which the 4th order contained 20% of the intensity remaining
in the parent line. In the transverse geometry the effect of phonons
transported in the foil about 1 cm around a bend of 90 degrees could not be

detected, even with a tenfold increase in power above the reference level.

Longitudinal ‘\x<ufﬁtnnufmt
i fronsducer

} ~Periodic dispiocement

Figure 1: Schematic representation of the mounting of the enriched stainless
steel foil 2.5 um thick used in these transmission experiments. The vectors
of the propagation of the gammas from sources to detectors are shown by the
dotted arrows for the longitudinal and transverse arrangements shown.

a) (left) Sidebands driven by phonons from an X-cut quartz crystal.

b) (right) Sidebands driven by the oscillating magnetization of the two Ni
foils immersed in the applied H field shown.
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Replacing the piezoelectric source with a pair of 2.5 um foils of
ferromagnetic Ni sinusoidally magnetized as shown in Fig. 1b, gave the
opportunity to launch what we believe are large amplitude spin waves into the
paramagnetic stainless foil. Boundary effects known as flux refractions favor
the transfer of ferromagnetic magnetization of the Ni across the interface
where it can serve as a source term for local alignment of the magnons in the
stainless foil. The longitudinal geometry was used to set the same reference
level of sideband development at the source. In the transverse geometry at
this same level of input power, the first order sidebands were found to have
20% of the intensity of the parent line, a level 10 times the threshold for
detection and hence, 100 times any component contributed by acoustic phonons.

One of the pleasures of the conduct of research in an academic environ-
ment is that most of the work is incorporated in Ph.D. dissertations. Once in
a while this produces a comprehensive review of outstanding merit. While
three Ph.D.’s were earned by students pursuing this contract research, the
most recent, detailing the milestone achievement was one of these rare
products of exceptional merit. For this reason it is reproduced in Appendix
IIT in order to report all aspects of the milestone work. Of course, all
usual copyrights are retained by the author, Dr. T. W. Sinor. There is a
twofold significance to the results described there.

1) In stainless steel spin waves can be transported more effi-

ciently than phonons, thus providing a means for studying the

direct modulation of nuclear states in an environment free from
acoustic noise.

2) Even with transport the intensities of magnetic sidebands are

greatly enhanced by ferromagnetic sources meaning that relatively

large interaction energies can be developed at the nuclear level

with modest applied powers.

The means have now been demonstrated to excite large scale modulations of

the phases of nuclear state, even in nonmagnetic samples.
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LONG RANGE IMPLICATIONS OF THE RESULTS

Of course, the most immediate implication of the successful conclusion of
this contract work is that the techniques of nuclear spectroscopy could be
considerably advanced through the subsequent development of a broadly tunable
y-ray source. The computational results referenced above suggest tuning
ranges exceeding 104 or 10-5 of the transition energy without introducing any
broadening of the natural linewidths of tne transitions. This is at least
1,000 to 10,000 times in excess of the best that can be achieved with the
conventional Doppler tuning of Méssbauer lines. Moreover, it can be done
without any of the mechanical motion and vibration that currently set the
instrumental width in the limited techniques currently available for vy-ray
spectroscopy. It is interesting to reflect that if the result of these tasks
in the direction of coherent pumping were to indicate that sum frequency
generation would be practicable up to the addition of 76 p FIR, the resulting
shift of the y-ray line would be equivalent to that obtained by conventional
Doppler techniques at a relative velocity between source and absorber of Mach
1. To match by Doppler shifting the tuning achieved with the Raman conversion
of laser photons at 2.3 u wavelength would require the nuclei to attain
relative velocities in excess of their escape velocity from earth. These
values are to be compared to the normal tuning range of millimeters/sec
encountered in conventional single photon Méssbauer spectroscopy.

The great extension in the tuning range over which stable, high resolu-
tion nuclear spectroscopy could be accomplished through implementation of
these multiphoton methods would enhance basic research in many areas. For
example, studies of photon spectra in solids and phonon scattering experiments
would benefit from non-mechancial techniques of tuning. Of course, it is in
the nuclear field that the greatest long-range implications lie. In princi-
ple, extremely high levels of energy storage exceeding one terajoule/liter can
be achieved in concentrations of known isomeric states bred in a conventional
reactor through neutron capture. Unfortunately, the controlled release of
such energy through stimulated emission is unlikely to ever be achieved

through single photon processes because of level broadening traceable to long
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range interactions between nuclei. However, if a single system exists that
has an intermediate state which would be resonant with any available high
power laser, the Raman conversion of those laser photons at that resonant
energy could lead to a stimulated cross section for the y-ray step as large as
the Breit-Wigner value. This in turn would be sufficient to induce the
release of the stored energy at a power level comparable to that of a directed
nuclear burst. There would be many incredible aspects to such a phenomenon
whose enumeration is futile unless the necessary intermediate state can be
found, at least for one exemplary transition.

Conventional Mossbauer spectroscopy has sufficient resolution but
insufficient tuning range to support a search for nearly resonant intermediate
states of a nucleus. X-ray spectroscopy with dispersion provided by grazing
angle crystals presents the reverse dilemma, an adequate tuning range but
inadequate resolution. Our technique of Frequency Modulation Spectroscopy
that has developed from the preceding research would provide the optimum
combination of resolution and tuning range to support the search for nearly
degenerate nuclear levels which may prove essential in ultimately realizing a

scalable y-ray laser.
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PROJECT DESCRIPTION

This project concerns the demonstration of the feasibility
of the tuning and stimulation of nuclear radiation. It
represents a critical line of investigation in our overall
program concerned with the feasibility of a gamma-ray laser.

Theory, supported by our experiments conducted under this
contract, has 1indicated that anti-Stokes Raman upconversion of
intense but conventional laser radiation produced by scattering
from isomeric states of nuclear excitation could lead to
significant sources of tunable gamma radiation characterized by
the natural Mossbauer widths of the lines. Further computations
have suggested that this type of coherent, as well as a type of
incoherent, optical pumping could even lead to appreciable levels
of 1inversion of the populations of nuclear levels, thus
supporting the growth of stimulated gamma-ray intensities.
Whether or not these processes can reach threshold depends upon
the resolution of basic issues that have not been previously
addressed in an 1interdisciplinary region between quantum
electronics and nuclear physics. It is the purpose of this
contract work to study these issues experimentally 1n order to
guide the development of the technology and methods needed to

exploit the enormous potential of this effect.

SCIENTIFIC PROBLEM
The viability of the concept for the tuning of gamma
radiation by adding the variable energy of an optical photon

produced by a tunable laser depends upon the existence 1in the




nucleus of a particular arrangement of excited states. A
suitable energy difference would would make it possible to dress
the nuclear states with the laser photons. Transitions between
the dressed states would then occur at the sum and difference
frequencies <characteristic of the nuclear transition, plus or
minus the energies of integral numbers of laser photons.

Whether the necessary arrangements of nuclear states do
exist 1is the central 1ssue being addressed in this contracted
work. Surprisingly., such information 1is currently wunknown
because such potentially useful states would lie in the “blind
spots” of the conventional techniques of nuclear spectroscopy.
Normal Mossbauer spectroscopy provides enormous resolution. but a
tuning range that is inadequate by orders of magnitude to support
any possible study of transitions to the intermediate states of a
multiphoton process. Conversely, crystal spectrometers provide
broad tuning ranges, but levels of resolution that miss by two
orders of magnitude the threshold that would be necessary to
separate the transitions to the initial and intermediate states.
As a consequence, the ideal arrangement of nuclear energy levels
needed for the Raman upconversion process could be a common
occurrence that has gone unnoticed because ot the 1nadequacies ot
conventional nuclear spectroscopy.

The <c¢ritical problem in this research has two facets: 1)
the development of an appropriate spectroscopic technique, and 2)
the search for a suitable medium for a large-scale effect. The
dressing of the nuclear states not only affects their energies,
but also changes their transition properties. Forbidden nuclear

transitions should become allowed so that the metastability of
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isomeric states would be “"switched off" as the states were
dressed. This would greatly enhance the prospects for

stimulating the gamma-ray transition, in addition to rendering it
tunable. It is the development of the investigative
instrumentation and the verification of these predicted effects
that comprise the scientific problem addressed by this contract

research.

TECHNICAL APPROACH

For the resolution of the central issue of the existence of
potentially useful intermediate states in a multiphoton upconver-
sion of optical photons to gamma-ray energies, it was first
intended to demonstrate sum frequency generation in one case 1in
which nonresonant intermediate states were known to exist. This
was the case in which both initial and intermediate states were
magnetic sublevels of the same nucleonic state and in which the
transitions were mediated by the M1, magnetic dipole operator.
Experimental data reproduced in the literature suggested that
such a process had already been unknowingly demonstrated for the
generation of radiofrequency sidebands to Mossbauer transitions
at the sum and difference frequencies. This suggested the devel-
opment of a new instrument, a Frequency Modulation Spectrometer
for gamma-ray energies, designed to support the needed studies of
nuclear structure with the precision of Mossbauer spectroscopy
applied over a tuning range of energies lying considerably beyond
the state-of-the-art at the time our work began. Pursuant to
this goal, we are conducting a conventional single-photon Moss-

bauer experiment in the presence of an intense radiofrequency

|




field with measurement and parameterization of the conversion
efficiency into the sum frequency line to determine the practical
limits on the ultimate linewidths and tuning ranges that can be
achieved. This technique will then be used in a “"bootstrap"”
approach to support a search for accidentally resonant intermed-
iate states. By replacing the radiocfrequency excitation with
tunable higher frequencies, it is expected that the tuning range
of Mossbauer spectroscopy can be extended by further orders-of-

magni tude.

PROGRESS DURING THIS REPORTING PERIOD
tatio f F

The sum and difference frequency sidebands produced on
intrinsic Mossbauer transitions has made possible very effective
new instrumentation for high resolution spectroscopy at gamma-ray
energies. A prototype version of this Frequency Modulation
Spectrometer (FMS) was first described1 by our laboratory in
1985, and subsequent refinements were made during the current
reporting period under this contract and under a related SDI
contract directed by ONR. This device monitors changes in the
intensity of transmitted single-frequency gamma photons as a
function of frequency of the long wavelength photons ot the
alternating magnetic field in which the absorbing nuclei are
immersed.

During the past year our prototype "Nuclear Raman
Spectrometer” was refined into more mature technology resulting
in the Frequency Modulation Spectrometer (FMS) for gamma-ray

energies (Figure 1). The original prototype device had required




a tedious level of manual interaction, and this was replaced with
a fully-automated and computerized control system during the
current reporting period. At its heart is a multi-channel scalar
(MCS) and IEEE-488 GPIB interface with an Apple I[I+ computer.
The MCS was designed to have a 100% duty cycle. The GPIB enables
the spectrometer to sweep continuously through the frequencies of
an rf magnetic field produced with a Wavetek frequency
synthesizer. The Mossbauer drive allows the frequency of the
gamma photon to be biased by a constant Doppler shift, if

desired. In its present form, the FMS device has an instrumental

resolution of 100Hz and a continuous tuning range of 109Hz with a
stability of O0.1Hz/sec with no mechanical movements required
anywhere. These <characteristics are comparable to a Mossbauer

spectrometer with a means of shifting the gamma-ray source,
having a resolution of 10nm/sec and a range of 100mm/sec with a
stability of 0.0lnm/sec/sec. Demonstration spectra were acquired

57Fe showing isomer shifts and thermal shifts. Because we

with
were using a modulation type of spectroscopy., the static features
could be suppressed, and these different effects were obtained
with unprecedented clarity.

7 .
5 Fe provides a direct measurement ot

In operation, FMS of
rf sideband positions and intensities from which one can

extrapolate information about the transitions between Zeeman

split energy levels (parent transitions), labeled 1 through 6 in
Figure 2. Radiofrequency sidebands have been labeled as a
parent transition preceded by a number of +'s or -'s, the number

of which corresponds to the number of rf field energy quanta




(order of the sideband) added to or subtracted from the parent
transition. The symmetrically opposed parent transitions 1 and 6
are separated by 123.7 MHz in pure 1iron. Applying a 61.85 MHz
alternating magnetic field to the Fe foil produces (+1) and (-6)
sidebands which overlap in the symmetric center, or transition

57Fe. The energies of

center, of the hyperfine structure of the
the gamma ray emitted by the source and the transition center of
the absorber differ by the isomer shift, a4 (Figure 3a). In FMS
the Stokes sideband from parent transition 6, (-6) would be
detected at a frequency of (61.85-4) MHz while the anti-Stokes
sideband from parent transition 1, (+1) would be detected at a
frequency of (61.85+a) MHz (Figure 3b and <c¢). Therefore, FMS
should produce a spectrum with two peaks around 60 MHz, separated
by 2a.

If we apply a small Doppler shift, 9, to the source, we
should obtain an FMS spectrum with two peaks around 60 MHz,

separated by 2(a + 9) (Figure 4). Classically, the frequencies

at which sidebands appear, fs, 1s simply

fs(MHz) = [ v - (Pj + iso)] * (11.6/0rd), (1)
where Pi is the position of the j’'th parent transiticn (mm/sec),
v 1is the velocity of the source (mm/sec), 1so 1is the isomer

shift (mm/sec), and ord is the order of the sideband of interest.
The source used was in a Pd lattice (iso = -0.185),
Radiofrequency sideband positions are also apparently
affected by the intensity of the rf magnetic field (Figure §5).
It is yet to be determined whether sideband position 1is a

function of intensity as well as frequency of the rf magnetic




field, or whether the temperature shift of the parent transitions
is being detected, or both. Since we start with a negative
isomer shift, raising the temperature of the absorber should
reduce the energy difference between the source transition and
the transition center of the absorber. Therefore, increasing the
rf field intensity should raise the temperature of the absorber
and in turn decrease the isomer shift.

It seems clear that, in addition to providing information
about sideband intensity and position, FMS could also prove to be
a means for direct and accurate measurement of isomer and
temperature shifts, spectroscopic quantities that are difficult
to measure with Mossbauer spectroscopy as usually practiced
because of the difficulty in obtaining such small velocities with
such precise control. For the purposes of the gamma-ray laser
program, it is the combination of narrow instrumental width and
large tuning range that offers the greatest attractions.

To dress an isomeric state requires a certain arrangement
of nuclear levels that would make them undetectable to
conventional techniques of nuclear spectroscopy. Our method of
FMS is the only means found to date that can be used to search
for this combination among the 29 best candidates for a gamma-ray
laser. The successes of the new FMS apparatus for nuclear
spectroscopy indicate that a much higher resolution, by perhaps
several more orders of magnitude, can be achieved through a
reasonable upgrade of the apparatus. If the range of tunability
does extend to the ferromagnetic spin resonance (FSR) frequency,

then it will be possible to construct a swept frequency device




capable of continuously tuning over a range of 1011 linewidths,
an enormous improvement in the state-of-the-art of nuclear
spectroscopy.
Theory of FMS

Most laboratory sources of gamma radiation emit at levels of
intensity corresponding to single photon <conditions. Mossbauer
experiments are rarely conducted at such great intensities that
the detection of two photons would be probable in the transit
time spent between source and absorber. Under those conditions,
the perception of gamma rays as streams of particles is
instinctive. Nevertheless, as elements of electromagnetic
radiation they must also be considered as carrier waves of high
frequency. As the name implies, the Frequency Modulation
Spectrometer derives 1its operation from the modulation of the
gamma-ray carrier and represents a translation into the nuclear
domain of one of the powerful techniques of laser spectroscopy at
the atomic level. As described above, the device itself works
better than the theory describing it, and during the current
reporting period emphasis developed upon refining and validating
the dressed state theory describing the origin of the carrier
modulation. Reviewed 1in the following material will be five
different approaches to a comprehensive theoretical description.
Not published elsewhere, each is being reported here as each
approach is useful in defining acceptable levels of

approximation.




CONTEXT OF THEORETICAL EFFORTS

In our version of FMS, the spectrum of the gamma photons
emitted by the source is modulated by 1ts passage through a thin,
ferromagnetic foil immersed in a radiofrequency magnetic fieldz.
Most work has been done upon 57Fe with the radiofrequency mag-
netic field being applied i1n the plane of the foil. Although the
interaction energy of the nuclear magnetic moment directly with
the applied magnetic tield is insufficient to cause a significant
perturbation of the system, the applied magnetic field is suffi-
cient to cause the direction of the magnetization within the
material, ﬁ(t). to precess 1in a complicated manner and this

-

interaction of the nuclear moment with M is of significant magni-

tude.

Ferromagnetism 1is a cooperative magnetic behavior resulting
from the exchange interaction between the electrons. In ferro-
magnetic materials, the principal effect of the exchange inter-

action 1s to cause parallel ordering or alignment of the atomic
spins in a common direction, so that there is a large spontaneous
magnetization even in the absence of an applied field. Maximum
ordering 1is obtained at 0°K where the randomizing eftect of
thermal agitation disappears. At the Curie temperature TC the
magnetic ordering 1is destroyed by thermal agitation, and the
spontaneous magnetization disappears. Between these two extremes
a sample of ferromagnetic material is usually divided into small
volumes called domains, which may vary 1in size, shape and
direction of magnetization. Within each domain, the magnetiza-

tion 1is wuniform and has the maximum or saturation value, Ms.

|
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characteristic of the material and the temperature. Within a
ferromagnetic material, the magnetization vector ﬁ(t) may vary in
direction but not in magnitude, even when traversing a domain
wall. Therefore, changes of the magnetization are precessions
and must be described by equations which reflect this.

57

The magnetic field at the site of the Fe nucleus 1s the

sum of several large terms which may be positive or negative. In

an 57Fe foil the magnetic field at the nucleus has been deter-

3 Oersteds in the direction opposite to

mined to be about 330 x 10
the local direction of the bulk magnetization, ﬁ(t). The elec-
trons respond to the changes of ﬁ(t] quite rapidly since the
magnetic moments of the electrons are strongly coupled to ﬁ(t)
(the cooperative effect). Thus, 1in response to any applied
fields, the magnetic field at the site of the nucleus also pre-
cesses in a manner which reflects the precession of the bulk
magnetization. For this reason, the motion of the magnetization
ﬁ(t) must be determined as a function of time as a part of any
comprehensive description ot the ultimate effects ot applied H
fields upon nuclear states.

-
The equation of motion of the magnetization vector M(t) is

determined by the Landau-Lifshitz eguation:

-(1/1y1) dM(e)/de = (M x F) - A (F - (M-F) M/MS) . (2)
The gyromagnetic ratio of the electron is given by -|y!, and A is
an experimental parameter obtained from ferromagnetic resonance
studies, A/Ms ~ 10-3. The magnetic field E in equation (2) is
the vector sum of four contributions: 1) the magnetic field re-

quired to simulate the magnetic anisotropy effects inherent to
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scale, and 4) the applied magnetic field. The solutions

11

the «crystal structure of the material, 2) the “magnetostatic"
fields due to the finite size of the sample, 3) the exchange
field, which represents a potential energy term leading to the
ordering of neighboring magnetic dipole moments on a microscopic
3.4

to

equation (2) depend strongly on the anisotropy of the material

and on the geometry of the sample and are usually of an exceed-

ingly complicated nature. Approximations were developed to vary-
ing degrees as part of each of the difterent approaches to the
nuclear sideband problem.

During the past year our eiforts to develop a model of the
modulation of the gamma spectrum have focused upon the following
tive approaches, to be summarized in this report below:

1. The refinement of the theoretical approach initiated by
C. B. Collins and B. D. DePaola® in Optics Letters 10, 25 (1985)
culminating in the results presented at the 1986 IQEC meeting.
We have referred to this as the multiphoton processes in nuclear
states.

2. A literature search and study o! the applicabiiity ot
the "dressed atom” approcach of C. Cohen-Tannoudji.

3. The development of a coherent switch model of the
magnetization ﬁ(c) by integrating the Landau-Lifshitz equation.
This model was specific for a thin ferromagnetic toil. The
solution for ﬁ(t) is in agreement with results presented
elsewhere.4

4. The development of a domain wall passage model. This

research does not appear to have been fruitful, although it may




still be of use.
5. In collaboration with Protessor P. Berman of New York

University. the development of solutions to the time dependent

Schroedinger equation utilizing information about the
magnetization derived trom approach 3. The resulting method
appears to be the best approach. The computer code is 1n the

process of development and 1s being verified first tor the static

case.

1) ul;;nm:m_ﬁ_mu__&uﬂﬂ_w_ﬁuu
Ferromagnetic Foill Immersed in a Radiofregquency Magnetic
Field

The time-dependent Schroedinger equation of the 57Fe nucleus
embedded in a ferromagnetic foll immersed in an rtf magnetic field
is

-

iM(d¥/at) = Hy¥ - (H, o ce)en ¢ MCe)ea ¢ HyCe)ou + Hy (6)-01¥ (3)

where

v = the eigenstate of the system,

HA = the atomic Hamiltonian associated with quantum
number(s) «.

; = the magnetic moment of the nucleus,

gapp= the applied radiofrequency magnetic field tla few
gauss) with trequency wq

ﬁ = the magnetization ot the material (kilogauss),

ﬁd = the demagnetizing field due to the surface poles
developed when ﬁ rotates out of the plane of the foil
(kilogauss]),

ﬁdn = the demagnetizing field due to the poles developed

-

when the nuclear magnetic moment ¢ rotates out of the

plane of the foil (very small).
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The expression in the brackets represents the interaction o!
the nuclear magnetic moment, :. with the vector sum of all of the
magnetic fields to which the nucleus is subjected. The interac-
tion of the magnetic field with the electrons is included in the
behavior of M and therefore does not require another term. This
notation and approach are essentially the same as outlined by
Collins and DePaolaz.

Since the terns ﬁapp(t)°z and ﬁdn(t)-: are small when com-
pared to the other terms in the Hamiltonian, they are neglected.

The simplified time dependent Schroedinger equation becomes

ik (39/de) = Hy, ¥ - (M(t)en + Hy(t)eu) ¥ (4)
in the fixed laboratory coordinates.
A new coordinate system is detfined in the laboratory, such

-

that the magnetization M in the piane of the foil corresponds to
the z axis, that 1is, as ﬁ responds to the applied magnetic field
(by rotating in the plane of the foil), the foil is rotated about
an axis perpendicular to the foil 1n such a way that M always
lies along the z axis of the laboratory coordinates. Doppler
shifts are introduced because the foil is moving, but since the
absorption spectrum is observed along an axis perpendicular tc
the foil, only the second order transverse Doppler shift occurs.
which should be negligible. This coordinate system 1s denoted as
primed in the following material. In it ﬁ has constant magnitude
and direction (z axis) as shown in Figure 6. Equation (4) may be
rewritten
iK (3¥°/at) = Hy ¢ - (Men + Hy(e)en) ¥ : (5)

The magnetic moment of the nucleus, u, is related to its angular
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momentum through the equality

-

TR lgxuN/h) J (6)
where x denotes either the ground (g) or excited (e) state of the

nucleus. The symbol My stands tor the nuclear magneton,

26 2

= (eN/2M) = 0.505 x 10 “°° amp'm , (7)

“N
in the MKS system of units.

The Hamiltonian of a particularly usetul basis set of eigen-

states and energies is obtained from,

Hp = Hy -~ Mew = H, - Mo J, , (8)

where hwx corresponds to the total splitting ot the x level by

-

the magnetization M,
= . 9
Mux gx“NMs (9)
In the basis set, the time dependent Schroedinger equation ot the

X state,
ik (aWé/Bt) = HA Wé - Mux Jz Wo , (10)

has solutions of the form,

’ ' ’ = ’ LN -~ s 0 ’ - ’ F 1
Wo(ax.J ,m’) !ax,J ,m’' >exp/ 1(Eax.h m wx)t]. {11)

The quantum number(s) a. describe the nuclear state x with energy

E , in the absence of any magnetization tield in the material or
X

any applied tield. The angular momentum state ot the nucleus 1in

the primed coordinate system is described bv J' and m'. Tnese

basis states of the system might be describead as the “"non-inter-
acting basis” states.

The interacting state Y’ can be derived trom the basis state
Wé by means of a rotation through an angle °x about an axis

parallel to Hd(t). This rotation operator 1is Hermitian and

unitary and of the form
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R = exp[1¢xn°J] = exp(i¢de) . (12)
where ﬁ 1S a unit vector parallel to the axis of rotation. The
interacting state is given by

v, - el10,Jy) V(e . Jm') (13)
Combining equations (5) and (13), the time dependence of the
angle ”x is given by the equation

(a¢x/at) * g HN Hd(t)/h . (14)

If Hd(t) is known, the angle ¢x(tj can be computed numeri-

cally and therefore may be considered a known function.

The transition amplitude is determined by
iM[daeg/dt) = ik a = (15)
[ (*ie,Jy) v (a, J',m')]' vye’“’y‘[e“”’g"d) Wé(ag.J'.m’)]dr

Since R is Hermitian and unitary, this equation may be rewritten

iMa, - (18)
e lu,t [e'”i“ e 4! ¥ (x_.J .m )]’ W, ¥ (e . J .m0) dr
where
w o= elTledy) y J(rie Jdy) oy . (17)
Y Y Y

The operator Jd is not diagonal in the primed coordinate system
since 6 is perpendicular to ﬁ (the z axis). It 1s necessary to
use the tinite rotation matrix10 to transform i1nto a system 1in
which the z axis is parallel to n. After operating with Jd' then
the finite rotation matrix is again used to return to the primed
laboratory system.

The time derivative of the total transition amplitude 1n

terms of <'é(me)lwylwé(mg)> is given by
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i, = (1/2)% [cp explif el <-3/21W 1-1/2> R, (t)
* cq expfiﬁzt] (‘1/2!Wyl‘1/2) Rzlt)
+ = expfiﬁat] (*1/2!Wyl‘1/2) Rz(t) (18)
* Ch expfiﬁ4t] (‘1/21U7|*1/2> Rz(t)
v cp exp[iﬂst] (+1/2|U7l*1/2> Rz(tJ
* cp explifgt] <+3/2|wy|+1/2> R,(t)]

th

where ni is the detuning of the 1 transition as shown 1n

Figure 7. That is,

. = (AE./K) -~ w . (19)
1 i Y
where AEi is the energy of the ith transition. The concentra-
tions of the ground state levels are Ca and g for m = -1/2 and

m = +1/2 respectively. If the angle ¢ is defined by
¢ = °e - ¢g , (20)
the factors Rl(t) and Rz(t) which appear in the transition ampli-

tudes are defined as follows:

R (8) = (1 +y/T) e 13%72) o (3 - /3) 1972 (21a)
R (t) = (3 +y/3) e 1038720 L (1 . /3) 192 (21b)
The transitions probabilities are calculatea trom
lim 1. _. . o :
b o ?( in aeg)(+1h aeg)' (22)

When tht) and Rz(t) are expanded in Fourier series,

+

Ry(t) = T . (R el 10w t) . (23)

there are two components to the transition probability which
survive the time averaging procedure. The first is the "normal”

contribution given by
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woo= 27l v R.) (R [c?1¢-3721w 1-1/2512 s(a. -
es " 3(2)  Za R0l ljn[?al< W 1-1/251% 600, -nw;)
v c21¢+3721W 1+172>12 (0. nw. )
A v ’ ) 1
+ (R,)_(R.) [c2|<-1/z|w 1-1/2>12 6(0,-nw. )
2'n" 2°n B Yy 2 1
. 2 ) 2 .
chicr1/21W 1-1/251% 6(05-nu,)
v 21¢-1/21W 14172512 500, nw. )
A ¥ 4 1
v 2172w 14172512 500 -no )] (24)
A Y <) 1 .

After Rl(t) and R2(t) have been expanded in terms of thear
Fourier components, a typical term .n the product of the two

expansions shown in (22) is of the form

» » » i(ﬂ-‘nw)t_-l ‘i(ﬁ.'mu)t_l-l
c,(ME), c7(ME)] £ (R)_(R)M|e 1 llje ,(25)
) ) m,n ) . -nw J Qj-mu J
where (HE)i is the matrix element of the itn transition. When
the time average is taken as shown in expression (22), this term
is zero for all m # n. The summation over m collapses to one
term which does not vanish when the time average is taken. When
m = n, the equalitylo in the limit t~w,
lim sinzat = s(a) 26)
t = 2 (a {2
»ta

may be used, which introduces the delta functions of frequency.

In reality, the delta functions of !requency must be re-
placed by Lorentzian distributions centered at the position of
the delta function. The width of the Lorentzian corresponds to
the lifetime of the excited state. The parent lines of the

transition, that is, the spectrum in the absence of the r{f magne-
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tic field, correspond to the n = 0 amplitudes,

0 _ 27[1\4 2 2, . - 2 .
W0 - “2(2) {'[R1’o' [cB|< 321W_1-1/2>12 s(0))

. c§:<+3/2|wy|+1/2>32 a(ne)]

21 2., ) 2 .
$1(Ry), ! [cB¢< 1210 1-1/2>1° s(0,)  (27)
+ c§|<+1/2|wy|-1/2>|2 500

2

3)
+cpic-1/210 10172512 st
TSI M VENE 6(05)]$
The delta functions of frequency indicate that the parent lines
will be observed at their normal frequencies,
ni = detuning = 0 or AEi/H = w, - (28)
The 1intensity of the first order sideband may be found 1in
the same manner by taking either n = *1. For n = +1, the

frequencies of the first order sidebands in the absorption spec-

trum is found by taking

Qi - w, = (AEi/ﬁ) - uy - wy = Q . {29)
or

((AEi/h) - ull = e . (30)
Thus, n = +1 corresponds to the first negative sideband and
conversely n = -1 corresponds to the first positive sideband.

The absolute magnitudes ot (RiJn govern the amplitudes ot the
sidebands. For this reason, 1t is vitally i1mportant to have an
adequate model of the behavior the magnetization ﬁ as a function
of time.
The second component is a quantum enhancement which adds on
to the "normal” curve whenever the condition,
Qi - Qi = Pw, (31)

(p 1is any positive or negative integer) is satisfied, that |is,
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whenever two transition energies differ by an integral number of
photons in the rt tfield. The intensity given by the “normal”
curve is increased by the amount

4
Z” l . . * * . - )
Mz (2) E [K(Rijn(RjJn_p + K (RiJn[Ri)n_p] étﬂi nul). (32)

where,

K

* »* .
€; € (ME)i (ME]j . (33)
As can be seen from expression (33), the enhancements to the
absorption spectrum fall on the same frequencies as the usual
sidebands, 1including the parent, and occur only when equation
(31) 1is satisfied. I[If i =1 or 6, then Ri*Hl. For all other
values of the index i, then Ri*Rz. The index j follows the same
rules. For this reason, the quantum enhancement must be deter-
mined on a case-by-case basis.

At this point the model is a direct extension of the one
originally proposed by DePaola and Collins2 which was limited 1in
validity to the vicinity of a moving domain wall where the angle
ot rotation of the magnetization i(t} 1in the plane of the toil 1s
large. The extension realized 1n this section as characterized
in equations (24) and (32) 1is more generally valid.
Unfortunately both models share tnhe dependence on the rather
simplified description of the magnetization which strictly
confines ﬁ(t) to a plane. Not surprisingly, neither one
adequately describes the enhancement of the sideband intensity
observed in 57Fe near the applied frequency of 45 MHz. This

enhancement of the sideband amplitude was thought to be due to

the mixing of the Zeeman levels of the ground state by the
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applied magnetic field. For a better understanding of the mixing
effects of an intense field, the ’'dressed state theory’ of C.

5.6.7 8.9 was studied, because it

Cohen-Tannoudji and S. Haroche
had been refined and experimentally verified to a very high
degree of accuracy for analogous cases 1in atomic physics.

Also, betore proceeding further, it is necessary to develop
a better model for the behavior ot the magnetization ﬁ(t) in the
presence of an applied rf field. To accomplish this, it 1is
necessary to integrate the Landau-Lifshitz equation (equation 2)

as discussed 1n sections 3 and 4.
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2) = .

5.6.7

At first, the work of C. Cohen-Tannoudiji and S.

8.9 on atoms immersed in a strong electromagnetic field

Haroche
of a single frequency (optical or radio frequency) 1is very
attractive conceptually. It departs considerably from the usual
approach 1in which the interaction of the atom with the applied
electromagnetic field 1is considered as a perturbation to be
handled wusing standard perturbation theory. The need for an
alternative arises from the fact that perturbation theory is not
appropriate when the strength of the interaction is large due to
the presence of very strong fields. In the dressed state theory,
the quantized system consists of both the atom and the electro-
magnetic field. The electromagnetic field is handled as an
integral part of the system, not a perturbation, and it is con-
sidered quantum mechanically, not classically.

Exact solutions of the Schroedinger equation are possible
for some systems of atomic levels and polarizations. It 1is
particularly interesting that the stationary states of the total
Hamiltonian of the dressed atom no longer correspond to a fixed,
well defined number of photons in the field. The number states
In> for the pure radiation field are no longer eigenstates ot the
total Hamiltonian. In addition, it can be shown that stationary
solutions exist which are a superposition of one or more of the
atomic states calculated in the absence of fields and one or more
of the number states of the field. This theory was wused to
predict the sideband intensities of well-known atomic transitions
which were modulated by the application of optical or rt fields

states. The “"dressed state" theory predicted sideband intensi-
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ties as functions of the interaction energy (or field strength)
very successfully. It is reasonable to inquire whether the same
formalism could be adapted to the analogous case in nuclei.

Maxwell's equations, which govern the interaction and propa-
gation of electromagnetic fields, are linear and may be solved in
terms of a Fourier decomposition. Magnetization is a more com-
plex phenomenon, and it is expected that the solutions to the
Landau-Lifshitz equation for obtaining ﬁ(t) will contain a
number of harmonics of the frequency of the applied magnetic
field. Each of these harmonics may then be considered to be an
independent “dressing field” in the sense that Cohen-Tannoudiji
uses the term. If done in this way, the results should be summed
over the harmonics which appear.

With this approach in mind, an extensive study was made of
the publications concerning the dressed atom. The most compre-
hensive treatise was written by S. Haroche and published 1in
Annales de Physique in 1971 in French. The results of the lit-
erature search were condensed into an internal document titled
“The Interaction of the Dressed Atom”, copies of which are avail-
able upon request.

As before, a better understanding of the magnetization 1s
required before this approach could be adapted. The next sections
describe models of how the direction of the magnetization varies

as a function of time.

3) Development of the Coherent Switch Model of the Magnetization
M(t) by Integrating the Landau-Lifshitz Equatjion

As mentioned in the previous sections, both the extension of

the early DePaola and Collins model and the dressed state theory
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of Cohen-Tannoudji are critically dependent upon the use of a
good approximation to the complex precession of the magnetization
vector, ﬁ(t) under the influence of an applied rf field. This
section describes an investigation of the solutions to the Lan-
dau- Lifshitz equation appropriate to a thin ferromagnetic foil
immersed in an rf magnetic field.

There are many solutions in the literature to the Landau-
Litshitz equation that describe static domain walls for various

3,11,12

configurations of the magnetization The domain walls in

an s7F‘e foil of the type generally used in experiments are expec-
ted to be "180°" walls, that is walls in which the magnetization
rotates through 180° as the wall is traversed from one side to
the other. There are fewer models of moving domain wallss'12
than static walls. The precursive model of the demagnetizing
field developed by DePaola and Collins to describe the magnetic
fields interacting with the nuclear moment was taken from Chenlz.
He had described the concept of the magnetization rotating under
the influence of the demagnetizing field which in turn 1s due to
the magnetic poles developed when the applied magnetic field
causes the magnetization to precess out of its initial plane.
Thus a moving domain wall is formed. Thi1s was the model presen-
ted by DePaola and Collinsz. On the other hand, there 1is no
reason to expect the foil to be a single domain with only one
moving domain wall.

Experimentally, it has been tound that the static spectrum

57

of the Fe foil with no applied rf field demonstrates the wusual

six hyperfine lines. The relative intensities of the parent
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lines in this case suggest that the magnetic field causing the
splitting (the magnetization) is confined to the plane perpendi-
cular to the transmission axis, that is, the plane of the foil.
When an rf magnetic field is applied, the spectrum becomes much

more complex. There are the usual six hyperfine lines (parent
lines) plus six systems of sidebands, that is, absorption lines
displaced from the parent line by frequencies corresponding to an
integer (positive or negative) number times the applied fre-
quency. The relative intensities of the parent lines continue to
suggest that the magnetic field remains confined to the plane
perpendicular to the transmission axis.

57re foil 1s

Thus, the internal magnetic structure of the
considered to be a composite of many platelet-shaped micro-
crystals with the platelets aligned more or less parallel with
the plane of the foil. Demagnetizing fields develop 1in the
volume of the platelets due to the appearance of magnetic poles
on the surtfaces. Each microcrystal or platelet is considered to
be a single domain. In the coherent switching model, the magne-
tization at all points within the domain rotates i1n phase, that
is, together as a unit without the usual domain wall (where the
rotation 1is concentrated within the wall). Since the platelets
are not identical, there are discontinuities in the magnetization
between the platelets, but inside the platelet, the magnetization
is wuniform. A second mode which includes the effects of the
traversal of a domain wall through a nuclear site will be con-
sidered in section 4.

Equation (2) describes the motion of ﬁ(t) under the influ-

ence of the four magnetic fields (real and fictitious) mentioned
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previously. The problem was solved using a combination of spher-
ical polar coordinates and the Cartesian components of M(t) as

shown in Figure 8. The Cartesian components of M(t) are

Mx = Ms sin 8 cos ¢ (34a)
My = Ms sin 8 sin ¢ (34b)
Mz = Ms cos 8 ) {34¢c)

These four fields, the applied field, the magnetostatic
field, the anisotropy field, and the exchange field, will each be

considered as part of this model.

A) The Applied Field. Consistent with the initial condi-

tions, the applied magnetic field is written as

Happlt) = - Hl sin w,t . (39)
B) The Magnetostatic Field. The Magnetostatic field 1is
given by
B = u (H+ M) (36)
where ﬁ is given by the solution to the Poisson equation
. By _.A
H = (1/4») grad / div M 4y +f M'n gs (37)
v Tij s Tij
The distance between the point of integration, 1 surrounded by
the volume of integration dV. and the point j, at which ﬁ 1s to
be evaluated, 1is denoted by rij' The first integral 1s taken
throughout the entire volume of the magnetized body. The second

integral is taken over the entire surface of the magnetized body,
n being the inwardly directed unit vector normal to the surtface.
The magnetostatic field is best considered on a case- by-

case basis. The divergence of a vector field is a measure of the

“"sources” or "sinks" of that vector within a volume. Since the
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magnitude of ﬁ remains the same throughout the body, div ﬁ = 0.
The first integral resembles the volume i1ntegration of a charge
density equal to div M which vanishes throughout the volume.

The second integral resembles an integration of a surface
charge density over a surface. The non-zero magnetic pole

density arises from the discontinuity of at the surface and the

-

continuity boundary requirement on B and

o of Je {1 |

If i has a component
normal to the surface, the magnetic pole density is (§°ﬁ) on the
surface. As the applied magnetic field increases parallel to
the x axis, the magnetization begins to precess about the applied
field, and ﬁ(t) moves out ot the xy plane. A magnetic pole
density develops on the faces of the toil parallel to the xv
plane (boundary conditions on § and ﬁ). These magnetic poles,
whose density is given by - Mz(t), are the source ot the magneto-
static tield, which then simplifies to the single term,
Hyt) = - M) = - M cos e (38)
) The Anisotropy Fieid. The ferromagnetic foil is assumed
to consist ot many small microcrystals shaped like platelets or
“microfoils”. This is consistent with the amplitude distribution
of the observed six-line spectrum 1in the absence of any applied
field which 1is a rather sensitive function ot the average
orientation of the magnetization of each domain in the sample.
A magnetic material is said to have an easy or preferred
direction of magnetization if a minimum energy state is obtained
by having the magnetization lying along this easy direction. In

a uniaxial material (the approximation used for each platelet ot

the ferromagnetic foil)., any deviation of M(t) away from the easy
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direction by an angle (¢-¢o) results in an increase in the energy
density which may be accurately represented3 by the expression
2

Kusin (o-¢o). The anisotropy constant Ku has units of energy/vo-

lume.

The effect of anisotropvy 1is often represented3

by an
equivalent (but fictitious) magnetic field which lies along the
easy direction of the crystal. The exchange field and the
anisotropy field are derived i1n the same way: the expression tor
the interaction energy is derived from basic principles and then

a fictitious magnetic tield is deduced which yields the same

functional expression for the energy, based on the relation,

Eint = -(1/2) qu-H. (39)

A unit vector in the direction of the easy axlis, as shown 1in
Figure 8, is designated gx" Thus the anisotropy field is given
by

Ha = Q lM-ex.) e, = Q MS sin § cos(¢‘¢oJ e, (40)
where

~ - -~ + . ~

ex. cos éo ex sin ¢O ey (41
and where Q = (2Ku/qu§) is a parameter of the «crystal. The

angle ¢0 is the acute angle between the easy axls ancd the x 3Xx1s
ot the toil coordinates.

D) The Exchange Field. Si1nce the magnetization at every
point within the domain precesses 1n the same manner, that is,
in the domain where

M(r.t) = M(r+dr,t) (42)
the exchange field is zero. However, in materials where M

depends on the position of the point of observation, such as in a
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Landau-Lifshitz wall, the “exchange field” (fictitious) 1s given
by

2 M(T.t) (43)

H(r,t) = t2A/u°Ms) v
where A is a constant of the material.
The total magnetic field E in equation (2) is the sum of the

fields given in equations (35), (38) and (40):
F=u C(H + H, + H) . (44)

The equations of motion of the components of ﬁ(t) can be
reduced and combined to yield equations for de¢/dt and dé&/dt 1in
terms of the components of ﬁ.

sin 8 (de¢/dt) = - lylFx ( (A/Ms)sin ¢ *+ cos ¢ cos 81

+ lyle ( (A/Ms)cos ¢ - sin ¢ cos &) (49)

+ lyle sin 8

(dg/dt)

- lylFx [ sin ¢ - (A/Ms)cos ¢ cos 81

+

Ivle [ cos ¢ + (A/Ms)sin ® cos 81 (46)

lvle (A/Ms) sin 8

The components of the total magnetic tield F are given below.

Fx = - “oHI sin wlt + uOMSQ sin 8 cos(¢-¢0) cos ¢o (47a)
Fy = o+ qusQ sin & cos(¢'¢o) sin @ (47b)
Fz = - “oMs cos 8 (47c¢)

These are first order differentials in time but very compli-
cated functions of the angles 8 and ¢. A program was written in
FORTRAN for the Hewlett-Packard Series 9000/560 Computer in which
the angles 8 and ¢ were built up in small steps from the 1nitial
conditions to obtain the magnetization i(t). An example solution

is shown 1in Figure 9A.
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The motion of ﬁ[t) seen in Figure 9A is quite consistent
with the expectations reached by purely qualitative arguments. At
t=0, the magnetization lies in the plane of the foil at Bo = »/2
radians along the easy axis at an 1nitial angle ¢o' assumed to
be 0.35 radian in this example. The initial angles 90 and ¢, are
solution parameters. As the magnetostatic field increases through
the precession of ﬁlt) out of the xy plane, the effect of the
magnetostatic field (in the z direction) completely dominates the
motion of i(t). causing 1t to rotate in the xy plane rapidly
until it nears the easy axis. After sin w,t reaches its maximum
and begins to decrease, the Mz begins to decrease as ﬁ(t) returns
to the xy plane. The magnetization now lies ailong the easy axis
but antiparallel to 1ts initial direction. The motion of ﬁ(tj
proceeds in a similar manner through the second half cycle of the
applied field (although the motion is rotated about the z axis
through 180° from its initial position}.

The angle ¢(t) as a function of time is also shown in Figure
9A. The oscillations of ﬁ(t) about the equilibrium position
between the easy direction and the direction of the applied field
are clearly shown. When ﬁ(t) switches, 1t 1s carried past 1its
equilibrium position. The second term ot equation (2] behaves as
a Trestoring force which brings ﬁlt) more nearly parallel to the
equilibrium direction. The equilibrium direction 1s determined
by the local minimum of the sum of the interaction energies of
the magnetization with the anisotropy field and with the applied
field. [f the applied field were very strong, 1n time the
restoring torce would bring the magnetization parallel to the

applied field. Figure 9B, which is from Chikazumi's book4, tends
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to confirm this initially surprising result.

Figures 10A and 10B show the dependence of the motion of
M(t) on the initial value of the angle 8§ for the values of &
equal to 91° and 890. respectively. From these tigures it is
evident that the starting value oi 80 determines the direction of
the initial rotation only. After the initial cycle, the behavior
of ﬁ(t) is the same in all three cases. Since the magnetization
is expected to lie in the plane of the foil (which minimizes the
magnetostatic energy) only values near 90° can be realistic. The
maximum expected deviation from 90° would be on the order of

660 “ (thickness of the foil/linear dimension of the foil)

6 m/ 1 x 10—2 m "~ 0.03 degree

For this reason, an initial value of Bo ~ 90° is considered

~ 5 x 10

reasonable.
Finally, parameter studies have shown that for smal!l values

of H, and/or certain values of ¢°. the direction of magnetization

1
in the foil does not switch. This is consistent with the picture
above in that the applied field never devei.ops enough 1nteraction
energy to overcome the effective anisotropy energy barrier, Ku
The most important output of this model is the decomposition
ot sin ¢(t) and cos ¢(t) in terms of harmonics of the applied
field frequency. The amplitudes ot the harmonics then become the
input to the program for solutions to the time dependent
S~hroedinger equation from which sideband intensities are
computed according to one or another of the approacnes being

discussed. The amplitudes of the harmonic decompositions of cos

¢(t) and sin ¢(t) versus the order of the harmonic are shown in




31

Figure 11 for a typical set of input parameters.

Since this type of numerical! integration of the Landau-
Lifshitz equation must be condsidered "exact” to within the
limits of numerical methods, 1its principal shortcoming is that
coherence is limited to a single domain. The possible 1mportance
ot domain walls is considered next. That 1is, this picture
requires the magnetization of the entire domain to switch without
the presence of a moving domain wall.

4) The Domain Wall Egmg_e_lﬂg.dil3

In the coherent switching model, magnetization within the
domain is required to rotate uniformly (equation 42). It is also
possible for the direction of the magnetization to change by
means of passage of a domain wall through the material.

There are several different kinds of domain walls, for

example the 90° wall where the direction changes by 30°, and the

180° wall between two domains whose magnetizations are
antiparallel. An example containing a 180° wall 1s shown 1in
Figure 12.

The position and shape of a domain wall is determined by the

minimization of all the interaction energies. In the absence of
an applied magnetic tfield. the domain walls remain static. When
a magnetic field is applied, the domain wall moves 1n such a way

that the volume of the domain whose magnetization is parallel to
the applied field increases. The static and moving domain walls
will be discussed next.

A) The Static Domain Wall.

Within the domain wall, the direction of M rotates while its

magnitude remains fixed at the saturation value Ms'
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The fundamental equation of micromagnetics states that the
torque, gJgiven by the vector product of the magnetization and the
total magnetic field, must vanish at every point in a medium
which is in magnetostatic equilibrium. That is,

(M x F) = 0. (48)

For an infinitely long sample. the ﬁ field calcaulated from
equation (37) is neglible. Since the magnitude of ﬁ remains
constant, the divergence vanishes. There 1s no normal component
of ﬁ at the surface of the sample, except either on faces which
are far removed in the z direction from the point of observation
or at the very small area where the domain wall meets the
surface. Therefore, the contribution to E from the magnetostatic

-

field is simply qu by equation (37).
However, since M is not uniform within the wall, there is a
contribution from the exchange field. The easy direction of

magnetization 1is taken ¢to be parallel to the 2z axis. The

-
components of F are

2 i
Mx + “oMx (49a)

e
"

. 2 2
(ZKU/MS) Mx + (ZA/MS) v

2

T
(1]

2 .
(2A/Ms] v Mz + uOM . ({49b)

z

In this <case there is assumed to be no applied magnetic
field, so that Happ = 0. The equation determining the spatial
dependence of M is obtained by substituting equations (49a) and

(49b) into equation (48),

A aM a K (50)
X Z u -

=M, - My = MM =0

MS dy dy MS
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-
which 1is an ordinary differential equation since M is a function

of y only. The components of M may be written

M
X

Mz = Ms cos 8 . (51b)

MS sin & (51a)

and the solution is found to be

+ tan(8/2) = exp (y/a) (52)
where 4 is the well known wall-width parameter,

a = gt (53)
One should note that the angle 8§ is that angle 8 defined in
Figure 12.

The choice of sign in equation (52) indicates that the

domain wall may have either a clockwise or an anticlockwise screw-

-

sense associated with the rotation of M in the xz plane. The
components of M are
Mx = - MS tanh (y/a) (54a)

Mz =+ Ms sech (y/a) . (54b)

B) The Moving Domain Wall.

In 1935 Landau and Lifshitz applied their equation [equation
(2)] to the case of the motion of the static domain wall
structure described above. Thev assumed that, although the wall
was moving due to the influence ot the applied magnetic field,
the wall structure remained almost identical to its previous
static structure f{equations (54a) and (5S4b)]). That 1is, they
assumed a “rigid wall structure”.

[f the wall moves as a rigid structure, then the spatial
derivatives of M are defined. If the wall moves at a constant

velocity, the time derivatives are defined as well. The problem
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becomes algebraic and may be solved at any convenient point, such
as the center of the domain wall. At the center of the domain
wall, Mx = Ms and Mz = 0. The other assumption which follows,
once a rigid wall model is adopted, 1s that the anisotropy field
and the exchange field remain antiparallel to ﬁ in the moving
wall as in the stationary wall. Then only the applied field must
be considered.

The domain on the left in Figure 13A is magnetized 1in the
same direction as the applied field and consequently grows
through the motion of the wall to the right with velocity vy
This figure only shows ﬁ in the two domains and at the center of

the wall, assuming a positive screw-sense of the rotation. Here

only Bz enters into equation {(37):

(dMy/dt) = IVIMSBz (55a)
(de/dt) = lyIABz . (955b)
The damping constant, A, can only be determined

experimentally by ferromagnetic resonance (FMR) on single
crystal, spherically-shaped samples. In generala, the dimension-
less ratio (A/Ms) has been found to be on the order of 10.3 or
less. Since lA/Ms) v 10-3. equation (55%5a) is the more 1mportant
of the two. This equation indicates that the proposal that the
wall can move forward under the influence of the applied tield
must involve the vector ﬁ developing a component 1n the direction
of motion. It is not possible to assume that the wall is really
rigid and maintains exactly the same form which it has when
stationary. As shown in Figure 13B, ﬁ must tilt by the angle ¢
to satisfy equation (55a).

-

At the center of the wall, the components of M are
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M =M cos ¢ (56a)
X 3
Hy = Ms sin ¢ (56b)
, = 0 i (56¢)
In the original development of the model, Landau and

-

Lifshitz continued to assume that the contributions to F due to
the exchange and anisotropy fields remain antiparallel to M, as
when ¢=0. The component Mz is assumed to have the same form as

given in equation (54b). Then equation (37) is solved using only

the magnetostatic field and the applied field.

-(de/dt) = |y{ sin ¢ [BZMs - Aqus cos ¢ sin ¢) (57a)
+(dMy/dt) = |y] cos ¢ [BzMs - Aqus cos ¢ sin ¢) (57b)
_ 2 .
*(sz/dt) = |yl [qus cos ¢ sin ¢ + ABz] (57¢)
From this, one sees that domain wall motion may be visualized as
follows: as the wall moves forward, the vector ﬁ rotates about
V. Since ﬁ has constant magnitude and ¢ is constant for a

constant velocity, equations (57a) and (57b) are zero. The angle

¢ is related to the applied field Bz through

sin 2¢ = (ZBz/qu) . (58)
Since a rigid wall has been assumed, at the center ot the
wall
de/dt = LaMz/ayJ(dy/dt) = lMS/A) vy . (59)
which when combined with (57c) leads to an expression for vy.
= 2 .
vy (IVIA/MS)[ABz + qus sin ¢ cos ¢) . (60)

This gives the picture of a domain wall moving forward at a
constant velocity vy under the influence of a constant applied

field Bz. Combining equations (58) and (60), the velocity 1is
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given by
vo o= (lylaM_/A)[1 + A%/M2] B . (61)
Yy S s Zz

In conducting materials where eddy currents complicate the
calculations, it 1is possible to derive an expression for the
domain wall velocity in terms of the product of a domain wall
mobility and the applied fiela. that is.

Ve T My Bz . (62)
The domain wall mobility is given by

b, = (uleM_n)7t (63)
where o 1is the conductivity and h is the thickness of the
material.

From this domain wall velocity, a tilt angle ¢ could be
deduced. If ¢ developed to approximately 450. 1ts maximum poOS-
sible value, a significant amount of the magnetization field
might be transmitted to an adjacent material. However, 1t was
found that the passage of a wall at the surface transferrea only
on the order of 0.1 to 10.0 Happ' which was calculated to be at
the most 20 gauss. Excitation of single non-magJnetic stainless
steel foils enriched with S7Fe at this level tailed to show
sidebands. Thus it was concluded that the wall passage alone
could not add significantly to the transfer o! an etfect trom a
magnhetic to a non-magnetic to:il at the level ot magnitude seen 1in
experiments.

In general, computer analyses of the static domain wall
equations in conductors yield only solutions in which the magne-
tization remains parallel to the surface. A. Aharoni has made

extensive analyses of domain walls in conducting materials, and

his solution for a uniaxial material is shown 1in Figure 14.
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These analyses reinforce the conclusion that the effects ot
moving domain walls in conductors are insufficient to transfer
excitation to the non-magnetic foil. The problem ot the transfer
of sidebands from magnetic to non-magnetic layers lies at the
tocus of evolving concepts for the next year, but it must be
recognized that such transfer leads to a relatively small effect,
anyway. The largest effect, by an order-of-magnitude, 1is the
development of sidebands in a single magnetic foil and this seems
to be able to be described by the model synthesized from the

previous approaches as described in the following section.

5) Solutions _to the Time-dependent Schroedinger Eguation at a
Higher Level of Apbproximation

A more tractable approach to the solution of the time depen-
dent Schroedinger equation discussed earlier was suggested by
Professor Paul Berman of New York University. It is similar to
some developed earlier but proves useful in more general cases
tor single foils.

In continued collaboration with Professor Berman, this
approach has been programmed for the Hewlett-Packard Series
9000/560 Computer and 1is in the process of checkout. This
approach combines the exact solution of the time dependent

57Fe nucleus 1in a

Schroedinger equation for the system of the
ferromagnetic foil with perturbation theory solution of the
absorption of the gamma-ray photon.

Figure 7 shows the energy levels and angular momentum

57

assignments of the Mossbauer hyperfine transitions in Fe. Be -

fore detailing the calculations, the matrix indices of the va-
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rious states of the nucleus must be defined. To avoid the un-
necessary complication of carrying both J and MJ as subscripts
denoting a specific level, each magnetic sublevel of the ground

state and excited state has been assigned a single index as

follows:
1 is J = 1/2, MJ = +1/2 (ground state!
2 is J = 1/2, MJ = -1/2 (ground state)
J is J = 3/2. MJ = +3/2 (excited state)
4 is J = 3/2, MJ = +1/2 (exc1fed state)
S is J = 372, MJ = -1/2 (excited state)
6 is J = 3/2, MJ = -3/2 (excited state!

57

The total Hamiltonian of the Fe nucleus 1n a toil immersed

in an rf magnetic field is given by

H = Ho + Vl(t) + Vz(t) (64)
where Ho is the nuclear Hamiltonian with ﬁ(t) = 0 and no gamma
ray interaction. The matrix Ho is

(O 0 : 0 0 0 0
| 0 , 0 0 0 0
H = 0 o . Aw_ 0 0 0 (65)
© 0 0 . 0 Ao 0 0
0 0 v 0 0 Ko 0
0 o o0 0 0° Mo
°
In Eq. (64), Vl(t] 1s the potential of the i1nteraction ot the

-

magnetization M(t) with the nucleus having magnetic moment Mo
Vl(tJ = - “n M(t) = L'gxuN/hJ (M-J) ' (66)

where 9, is the gyromagnetic ratio of the nuclear state x, by

is the nuclear magneton, and J is the vector total angular

momentum operator.
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The matrix Vl(t) is given by

M, ggM_i 0 0 0 0 1
Sefte Sl 0 ] e S
i .-
Vl(t) i _ggN 0 0 §3geMz 3geM_ 0 0 (67)
0 0 E3geM+ geMz deM_ 0
0 o i 0 2g M,  -g_M_ 3dg_M_
K 0o i 0 0 39 M, 3g M, |
The geometry is the same as shown in Figure 8. [f M(t) has no z
component, the diagénal elements of Vl(t) vanish. The compo-
nents of ﬁ(t) in the plane of the foil are
M, = M (e) s i M (o) = M eTPOLE) . (68)

The time dependence of the angle ¢(t) is determined trom the
techniques described in Sections 3 and 4.
The coupling of the gamma ray field to the nucleus is given

by V2(t). The selection rules for nuclear magnetic dipole trans-

itions (M1 transitions) are adJ = 0, 1 and AMJ = +1,0. The
matrix V,(t) has the form
[ ' ]
0 0+ Ky Ky Ky 0
0 o , 0 K K K.
Vo (6] = | comecaeeen Ve 24 . 25....%8, (69)
K15 0 : 0 ] 0 0
K" KTt o0 0 0 0
"14 24!
K.o Koot 0 0 0 0
15 ‘25:
*
i 0 KZGE 0 0 0 0 |
where Kjk is the matrix element of the gamma ray absorption
operator,
e . 7
K]k ()lVy cos uyt!k) (70)

The time dependent Schroedinger equation,

iX (dasdt) = H a (71)
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is written for this system as
if (da/at) = (H_ + V (t) + V,(t)) a . (72)
The problem can be divided into two parts. First, the time
dependent Schroedinger equation 1s solved exactly tfor the Hamil-
tonian, H = Ho + Vl(t). Then the solutions are used to treat
Vz(c) as a perturbation of the system.
First, the state of the system is transformead 1into the

interaction representation,

a - e-(iHoC/h) b . (73)
Explicitly,

a, = bk for k = 1,2 (ground state) .

a, = (e ') b for k = 3,4,5,6 (excited state).
When equation (73) 1is substituted 1into equation (72), the

equation for (db/dt) becomes

i (db/dt) = (Vi *+ V5) b (74)
where the V' matrix is defined by

V' o= e(iHOt/n) v e-(iHot/M) . (75)
or

AP eliwg;t) (76a )

wy; c LBy © E /M . ' 76b)

Since Vl(t] does not have matrix elements between the ground
state and the excited state, V'l(c) = Vlft).

However, Vz(t) does have matrix elements linking the ground

state to the excited state. The non-zero matrix elements ot Vé
are

’ - ‘iw t - [\’ *

» - ’iu C = ’ »
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lw t *
o-

(V3),s = Ky (Vjlg, (77¢)

(Vi) = Kpy € *90" = (V50 (77d)

(Vy)ye = Kys e P90 = (V3)5, (77¢)

(V3 = Kpg € "% = (V50 (77¢)
The gamma ray interaction may be written as

V, =V cos wt s (1/2) V ety « 71900ty (78

The rotating wave approximation consists of neglecting all of the

terms which contain the sum ot the frequencies, t(u7 + uo). in

the exponential time dependence. In this approximation, the non-

zero matrix elements of V; become

14t
e

- - - . * .
' - 14t _ L, % .
) _ 1At L
V! = (V et L vt (79d
. o iat _ .0t
. . 1At | gt :
where the angular frequency a is defined by
A T w T ow . (80)

The matrix U(t) is defined as the V'2 matrix in the rotating
wave approximation as shown in equations (79a) through (79¢t)
above. In the rotating wave approximation, equation (73) 1is

rewritten,
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ik (dbsdt) = (V, + U) b . (81)

1
Furthermore, the vector b may be written as the matrix product
t

b = expl(i/K) vV re)de ) c = T(t) ¢ . (82)
0
The equation of motion for the matrix T(t) is
in (dT(t)/dt) = V1 T(t) (83)
with the initial condition, T(t=0) = 1, the unit matrix.

The equation of motion of the vector Z is now given by

iW (dc/dt) = U'(t) ¢ (84)
where U’'(t) is defined by

Use) = T  UCes T . (85)

The matrix U’(t) has the same general form as Vé shown above

in equations (79a) through (79f). The ground states and the
excited states are now mixed as a result of both V1 and V2. The
relaxation effects of the natural decay of the excited state are
now added into equation (84),

(de/dt) = (-i/K) U'(t) € - (1/2)y ¢ (86)

where the matrix y 1s defined

(87)

oC< cioo
o< OCcico

ocoolco
oOCOoOCoOOo
oco~xico

X cocico

L H

The quantity vy has the dimensions (sec_l) and is defined as the
inverse of the natural lifetime of the excitea state, vy = (1/7).
The net absorption of the gamma rays is proportional to
6

PN lam(t)l2 for times t >> (2/y). However,
m=3
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6 2 S 2 S 2
z Iam(t)! = X Ibm(t)I = ¥ lcm(t]l (88)
m=3 m=3 m=3
since Ho and V1 are Hermitian. The components of Z(t) are given
by
2 t /2 (et
c.(t) = (-i/K) T Ur ., (tr) e TY/2IETETY ey qer. (89)
) k=1 1k k
0

For t »> (2/y), the absorption is proportional to

CEde (e)®>

k

n ™M

3
where the time average is taken over the time response of the
detector. This completes the formal solution.

[f the decay of the excited state into the ground state 1is

neglected, then to the zeroth order in Vz(t),

Cp = ck(O) k = 1,2 (90)
since Vz(t) does not couple the ground states, 1 and 2, 1in the
first order. Furthermore, since Ho and V1 are Hermitian, the

amplitude ck(t) for the ground states may be written

ck(t) = ckLO) = akl0) for k = 1,2 . (91)
The ground state splitting is small compared to the thermal
energy at room temperature, so that the ground states are equally
populated. Thus,

a, (0) = (1/ V2) for k = 1.2 . 192)

The absorption spectrum then becomes the result of six
computational steps.
Step 1: To determine the Vl(t) matrix given by equations (67),
equation (68) may be expanded to
M, = Ms ( cos o(t) * 1 sin o(t) )} . (93)

The output ot the program written for the coherent switching
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model described above includes the Fourier decomposition
amplitudes An. Bn’ An' and Bn' where
o«
cos o(t) = % fAn cos nult + Bn sin nultl (94)
n=0
L.
sin ¢(t) = nEOfAn cos nwlt + Bn sin nultl . (95)

These amplitudes may be used as 1nputs which specity Vl(t).

Step 2: Step 2 is the numerical solution of equation (83) for
the matrix T(t) subject to the initial condition, T(t=0) = 1.
Equation (83) 1is a first order differential equation for the
matrix T(t). Since the elements of the matrix (dT(t)/dt) are
known, the elements of T(t) are integrated numerically from the
initial values specified at t=0.

Step 3: With the elements of T{t) tabulated as a function of
time, the elements of U'(t) are calculated as a function of time.
The matrix U'(t) = T+ U T (equation B85) is formed for a given
gamma-ray frequency w,

Step 4: The integral of equatiqn (89) is numerically computed as
a function of time, the magnitude squared, and then the summation
over the indices of the excited states 1s taken. The calculation
ot < k§3 lck(t)12> as a function of time is taken tor
this valué ot w,

Step 9: This summation is averaged over a time comparable to
several natural lifetimes.

Step ©: Steps 1 through 5 are repeated for another value of w,

until the spectrum has been covered.
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A program which performs steps 1 through 3 has been written
and 1is in the process of checkout. Since these equations are
quite complicated, a simple case was chosen which could also be
verified without resorting to numerical analysis. This is the
static case where ﬁ(t) = Ms ;x or ¢ = 0°. The magnetization lies
in the xy plane, so the diagonal elements of V1 vanish.

With V1 given, and the splittings ot the ground and excited
levels given by

QgUNMS = - Hug (96a)
ge“NMs = + Kue . (96b)

the differential equations for the elements of T(t) are

i le = (wg/2) Ty, (97a)
i Ty, tleg/2) T, (97b)
ity V3723w, Ty (97¢)
i %45 = 8/372), Tyy * we Ts; (97d)
i .55 S ug Tyt &/3/2), Te; (97e)
i Tej = 0/372)0, Ts; . (97¢)

The elements of the T matrix in this special case are found to be

T11 = Ccos Kgx = T22 (98a)
T12 = 1 sin Kgx = T21 {98b)
ng = (1/74) (3 cos Kex + cos JKex! z T66 1 98¢
Tyq = ("i/8)8/3) ( sin K x * sin 3K.x] = T,q (98d)
Tyg = (1/4)6/3) (- cos K x + cos 3K xl = Tg, (98e)
Tyg = (*i/4) (3 sin K x - sin 3K x| = Tgq (981)
T44 = (1/4) (cos Kex + 3 cos 3Kexl z T55 (98g)
T45 = (1/4) (sin Kex - 3 sin 3Kex] = T54 {98h)
Tye = (17410/3) (- cos K _x * cos 3K x] = Tg, (98i)
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Teg = (-i/4)0/3) (sin K.x + sin 3_x) = T, (9831
where. in terms of the parameters of the computer program,

X = wlt {99a)

Kgx = lug/Zwl)lult) = (ug/Z) (99b)

Kex = (ue/ZwI](wlt) = (ue/Z] . (99¢)
All other 'I‘.lj = 0. That T is symmetric in this case is due to
the choice M = M_ = MS. This is not the usual property of T.

The matrices T(t) and U’'(t) have been <calculated and
compared with the functions above. There is very good agreement.
Discrepancies are oscillatory in nature and do not seem to build
up in time. The worst case deviations of U'(t) are about 0.3%.

Work continues on this appreoach with the next step

being the checkout of each computational step.
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SIGNIFICANCE

To dress an isomeric state requires a certalin arrangement of
nuclear levels that would make them undetectable to conventional
techniques of nuclear spectroscopy. OQur method of FMS 1is the
only means found to date that can be used to search for this
combination among the 29 best candidates.

In order to advance the theory ot FMS during the current
reporting period we have generated a computer program to integ-
rate the Landau-Lifshitz equation tor the foil geometry. Also we
are in the process of completing the checkout of the program
described in section 5 which theoretically predicts the sideband
amplitudes when the time dependence of ﬁ(t]. given by the solu-
tion of the Landau-Lifshitz equation, is known. Since this
program is rather general, it can also be utilized to predict the
Mossbauer absorption spectrum of other nuclear species embedded
in the ferromagnetic foil, for example a Sn nucleus embedded in
Fe. Further modifications of the program are planned to extend
its capacity so that more general motions of ﬁ(t) may be incorpo-
rated.

The successes to date of the new IFMS apparatus for nuclear
spectroscopy 1indicate that a much higher resolution, by perhaps
six orders of magnitude, can be achieved through a reasonable
upgrade of the apparatus. It the range of tunability does extend
to the ferromagnetic spin resonance (FSR) frequency, then 1t will
be possible to construct a swept trequency device capable of

11

continuously tuning over a range of 10 linewidths, an enormous

improvement in the state-of-the-art of nuclear spectroscopy.
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Figure 8. [n the coherent switch-
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Figure 12. The magnetization
M in a static Landau-Lifshitz
180° domain wall. When the
magnetization lies in the
plane, there 1is no surtface
divergence (§°ﬁ) except over
the small region where the
domain wall cuts the surtace.
Adapted trom Figure 2.2 ot
Ferromagnetodynamics by T. H.

0°'Del1s.




06: oal
| M x
A "4 A4 @
M | l I L z
| %
® 8z ’82

Figure 13A. C(oordinate system
tor a "rigid” domain wall
motion under the intluence of
an externally applied field
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Figure 138B. Coordinate system
for domain wall motion 1in
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PROJECT DESCRIPTION

This project concerns the demonstration of the feasibility of the
tuning and stimulation of nuclear radiation. It represents a critical
line of investigation in our overall program concerned with the feasibil-
ity of a gamma-ray l#ser.

Theory, supported by our experiments conducted under this contract,
has indicated that anti-Stokes Raman upconversion of intense but conven-
tional laser radiation produced by scattering from isomeric states of
nuclear excitation could lead to significant sources of tunable gamma
radiation characterized by the natural Méssbauer widths of the lines.
Further computations have suggested that this type of coherent, as well
as a type of incoherent, optical pumping could even lead to appreciable
levels of inversion of the populations of nuclear levels, thus supporting
the growth of stimulated gamma-ray intensities. Whether or not these
processes can reach threshold depends upon the resolution of basic issues
in an interdisciplinary region between quantum electronics and nuclear
physics that have not been addressed elsewhere. It is the purpose of
this contract work to study these issues experimentally in order to guide
the development of the technology and methods needed to exploit the

enormous potential of this effect.

SCIENTIFIC PROBLEM
The viability of the concept for the tuning of gamma radiation by
adding the variable energy of an optical photon produced by a tunable
laser depends upon the existence in the nucleus of a particular arrange-
ment of excited states. A suitable energy difference would make it
possible to dress the nuclear states with the laser photons. Transitions

between the dressed states would then occur at the sum and difference




frequencies characteristic of the nuclear transition, plus or minus the
energies of integral numbers of laser photons.

Whether the necessary arrangements of nuclear states do exist is the
central issue being addressed in this contracted work. Surprisingly,
such information is currently unknown because such potentially useful
states would lie in‘ the "blind spots" of conventional techniques of
nuclear spectroscopy. Normal Méssbauer spectroscopy provides enormous
resolution, but a tuning range that is inadequate by orders of magnitude
to support any possible study of transitions to the intermediate states
of a multiphoton process. Conversely, crystal spectrometers provide
broad tuning ranges, but levels of resolution that miss by two orders of
magnitude the threshold that would be necessary to separate the transi-
tions to the initial and intermediate states. As a consequence, the
ideal arrangement of nuclear energy levels needed for the Raman upconver-
sion process could be a common occurrence that has gone unnoticed because
of the inadequacies of conventional nuclear spectroscopy.

The critical problem in this research has two facets: 1) the
development of an appropriate spectroscopic technique, and 2) the search
for a suitable medium for a large-scale effect. The dressing of the
nuclear states not only affects their energies, but also changes their
transition properties. Forbidden nuclear transitions should become
allowed so that the metastability of isomeric states would be "switched
off" as the states were dressed. This would greatly enhance the
prospects for stimulating the gamma-ray transition, in addition to
rendering it tunable. It is the development of the investigative

instrumentation and the verification of these predicted effects that

comprise the scientific problem addressed by this contract research.




TECHNICAL APPROACH

For the resolution of the central issue of the existence of poten-
tially wuseful intermediate states in a multiphoton upc¢onversiou of
optical photons to gamma-ray energies, it was first intended to demon-
strate sum frequency generation in one case in which nonresonant interme-
diate states were known to exist. This was the case in which both
initial and intermediate states were magnetic sublevels of the same
nucleonic state and in which the transitions were mediated by the M1,
magnetic dipole operator. Experimental data reproduced in the literature
suggested that such a process had already been unknowingly demonstrated
for the generation of radiofrequency sidebands to Méssbauer transitions
at the sum and difference frequencies. This suggested the development of
a new Instrument, a Frequency Modulation Spectrometer for gamma-ray
energies, designed to support the needed studies of nuclear structure
with the precision of Méssbauer spectroscopy applied over a tuning range
of energies lying considerably beyond the state-of-the-art at the time
our work began. With this instrument, we are conducting Méssbauer
experiments in the presence of intense radiofrequency fields with
measurement and parameterization of the conversion efficiency into the
sum frequency lines to determine the practical limits on the ultimate
linewidths and tuning ranges that can be achieved. This technique will
then be used in a "bootstrap" approach to support a search for acciden-
tally resonant intermediate states. By replacing the radiofrequency
excitation with tunable higher frequencies, it {is expected that the
tuning range of Mdssbauer spectroscopy can be extended by further

orders-of -magnitude.




PROGRESS DURING THIS REPORTING PERIOD
Instrumentation of FMS

The sum and difference frequency sidebands produced on intrinsic

Méssbauer transitions have made possible very effective new instrumenta-
tion for high resolution spectroscopy at gamma-ray energies. A prototype
version of this Frequency Modulation Spectrometer (FMS) was first
described! by our laboratory in 1985, and subsequent refinements were
made during the successive reporting. periods under this contract. This
device monitors changes in the intensity of transmitted single-frequency
gamma photons as a function of frequency of the long wavelength photons
of the alternating magnetic field in which the absorbing nuclei are
immersed.

With this contract support our prototype "Nuclear Raman Spectrome-
ter" was refined into mature technology resulting in the Frequency
Modulation Spectrometer, (FMS) for gamma-ray energiesz. The original
prototype device had required a tedious level of manual interaction, and
this was replaced with a fully-automated and computerized control system.
At its heart is a multi-channel scalar (MCS) and IEEE-488 GPIB interface
with an Apple II+ computer. The MCS was designed to have a 100% duty
cycle. The GPIB enables the spectrometer to sweep continuously through
the frequencies of an rf magnetic field with a Wavetek frequency synthe-
sizer. The Méssbauer drive allows the frequency of the gamma photons to
be biased by a constant Doppler shift, if desired. In its present form,
the FMS device has an instrumental resolution of 100Hz and a continuous
tuning range of 10%Hz with a stability of 0.1Hz/sec with no mechanical
movements required anywhere. These characteristics are comparable to a
Méssbauer spectrometer with a means of shifting the gamma-ray source,
having a resolution of 10nm/sec and a range of 100mm/sec with a stability
of 0.0lnm/sec/sec. Demonstration spectra were acquired with 37Fe showing

isomer shifts and thermal shifts. Because we were using a modulation

-



type of spectroscopy, the static features could be suppressed, and these
different effects were obtained with unprecedented clarity.

Details of the mature FMS device are contained in the article
"Frequency-modulation spectrometer for Mdéssbauer studies™, by P. W.
Reittinger, T. W. Sinor, S. S. Wagal and C. B. Collins, Rev. Sci.
Instrum. 39, 362 (1988). A copy is reproduced in Appendix I and shows
data demonstrating the remarkable detail which can be readily obtained
with this device. The crowning achievement is found in Fig. 6 of that
reprint where 24 sidebands are seen in a tuning interval of 50 MHz, all
having values of relative intensity confirmed in the companion plot of a
computer synthesis of that region of the spectrum.

It appears that the FMS device developed under this contract has now
proven its utility as a tool in M6ssbauer spectroscopy. Besides standing
ready to serve in our own search for nearly resonant intermediate states
for a multiphoton process, it has the versatility to support many other
kinds of experiments as well.

ou e

Despite the impressive agreement between results obtained with the
new instrumentation developed under this contract and rudimentary
multiphoton models2:3 intense criticism has continued to issue because of
the belief that, somehow, all effects which ‘appear as sidebands arise
from spurious acoustic vibrations excited by magnetostriction of some of
the various elements of the spectroscopic sample and its holder. In
appearance our multiphoton spectra resemble the transmission spectra
which Ruby and Bolef% obtained by imposing periodic Doppler shifts of
purely mechanical origin upon the M6ssbauer source. This unfortunate
similarity in appearance between phenomena arising from such different
origins has provided the basis for years of critical controversy.

There is the disturbing impression in the M3ssbauer community that

an acoustic origin had been "proven" for all sidebands by the benchmark




experiment of Chien and Walker’ in 1976. In that experiment an absorbing
foil composed of ferromagnetic and nonmagnetic layers was used to study
transport of the causative agent from the ferromagnetic layer into the
nonmagnetic region where the sidebands were produced upon Mdssbauer
transitions of embedded 57Fe nuclei. Very clear evidence showed that the
cause did arise in the ferromagnetic Ni layers, producing sidebands in
the nonmagnetic stainless steel layers. The most ready explanation at
that time was a transport of phonons from one layer to the next with a
high acoustic Q. Those experiments were repeated in the current report-
ing period® but with extensions which contradict the classic interpreta-
tion of Chein and Walker.! 1In fact, our reexamination shows the original
experiment to have been so flawed that any conclusions drawn from it now
must be considered unproven.

As detailed in the manuscript® "Comment on M&ssbauer sidebands from
a single parent line," by C. B. Collins, P. W. Reittinger, and T. W.
Sinor, submitted to Phys. Rev. B, sideband effects scale with the square
of the number of ferromagnetic sources. Interpreted as indicating the
addition of fields from each source that are squared to communicate power
into the sideband intensities, such scaling is completely inconsistent
with an acoustic origin. In experiments such as these, acoustic phonons
are the bosons associated with vector fields driven by tensor forces, not
vector forces. Without invoking stimulated emission, we can conceive of
no way in which tensor sources which are physically separated can produce
coherent vector fields in a space between them, even if they are tempo-
rally sychronized. The stimulated emission of phonons to produce
coherent additions of the displacements arising from the different
sources would imply the existence of a threshold of power, above which
two modulation indices of m would give an effect of 4m? and below which

only 2m2. No such threshold was suggested by the data which was obtained




over an adequate range of powers. Sidebands scaled consistently with
4m?.

At the time of reporting a critical experiment was initiated which
will go much further in eliminating the possibilities of an acoustic
origin to the large scale Méssbauer sidebands we observe by studying the
transport of the causative effect over greater distances than the
thickness of a layer. However, at this juncture it can already be said
that the experiment of Chein and Walker which is considered to be the
bulwark of the acoustic model for Méssbauer sidebands actually showed

nothing but a fortuitious arrangement of errors.

SIGNIFICANCE

The significance of the work completed during this past year is
twofold. The first arises from completion of the FMS instrument which now
stands as a powerful tool for use in the search for accidentally resonant
intermediate states needed to dress nuclear states with photons to an
extent necessary for large scale effects. The second significance accrues
from the increased confidence in the identification of Mdssbauer side-
bands in magnetic media as manifestation of the successful excitation of
dressed states. Destruction of the "proof" that all such large effects
were caused by spurious phonons leaves the field open for other explana-
tions, Indeed, the dressed state model is adequate to explain the
phenomena but had never been proven necessary. When another explanation
was available it had been the extraneous alternative.

Now there is no longer any proof or even evidence of the general
pervasiveness of acoustic sidebands in magnetic materials. The next
experiments emphasizing transport of sidebands should make a definitive
statement about the origins of radiofrequency sidebands in Méssbauer

spectroscopy.
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Frequency-modaulation spectrometer for Méssbauer studies

P. W. Reittinger, T. W. Sinor, S. S. Wagal, and C. B. Collins

Center for Quantum Electronics, University of Texas at Dallas, Richardson, Texas 75080
(Received 30 July 1987; accepted for publication 13 October 1987)

A nuclear frequency-modulation spectrometer (NFMS) for high-resolution gamma-ray
spectroscopy is described in this article. As the name implies, this device operates by
modulating the cross section for gamma-ray absorption. The automation of this spectrometer

_ required the development of an interface to an Apple computer which provides a real-time data
display. This interface also enables the Apple computer to control up to two Mdssbauer
spectrometers at once, with a real-time data display for each. A nuclear frequency-modulation
spectrometer makes it possible to observe directly the phenomenon known as “rf sidebands” in
Maossbauer spectroscopy, without interference from the “parent transitions.” The high
resolution of NFMS makes it possible to examine the “rf sidebands” for any fine structure.

INTRODUCTION

As early as 1960 it had been noted that radio-frequency (rf)
sidebands to the hyperfine structure of *’Fe could be ob-
served with a Mdssbauer spectrometer.' The six lines (par-
ent transitions) in a normal absorption spectrum of *’Fe in
iron [Fig. 1(a)] are accompanied by additional absorption
peaks (rf sidebands) when the absorber is subjected to a rf
field [Fig. 1(b)]. In 1960, Ruby and Bolef reported the ob-
servation of rf sidebands in iron produced by mounting a
7Co Mossbauer gamma-ray source on an ultrasonic trans-
ducer driven at MHz frequencies.' It should be noted that
the rf transducer was used in addition to a long-period oscil-
lator which provided the energy range for the Mdssbauer
spectrum by introducing controlled Doppler shifts. In 1968,
Perlow reported the generation of rf sidebands in iron direct-
ly, by subjecting the gamma ray source to a rf field without
the involvement of any external ultrasonic source.? In that
same year, Heiman, Pfeiffer, and Walker reported observing
f sidebands in iron as a result of subjecting the iron foil
absorber to a rf field.’ Finally, in 1976, Chien and Walker
presented a method for producing rf sidebands in a nonferro-
magnetic stainless-steel absorber with a rf field, by using
nickel as a ferromagnetic nonabsorbing driver.* In all cases,
the rf sidebands appeared at integral multiples of the fre-
quency of the applied of (Fig. 2). Figure 2 shows rf sidebands
produced in a stainless-steel foil driven by a nickel foil im-
mersed in rf fields of different frequencies. The frequency
dependence of these rf sidebands can be utilized to make a
high-resolution adaptation of Maossbauer spectroscopy
which is freed from many of the mechanical constraints
tending to limit conventional devices.

In 1967, Bolef and Mishory reported the development of
a spectrometer which was based upon rf sidebands induced
in a Mdssbauer source with a rf electromechanical trans-
ducer (an X-cut quartz crystal).’ As the frequency of the
applied rf was changed, the energies of the sideband gamma-
ray emissions changed. This phenomenon enabled Bolef and
Mishory to obtain an absorption spectrum as a function of
the frequency of the applied rf. In 1985, DePaolo, Wagal,
and Collins reported success in developing a spectroscopic
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technique using rf sidebands induced in a ferromagnetic ab-
sorber by a rf field.* Modulating the absorber has numerous
advantages over modulating the source. It is casier and safer
to work with a stable isotope, and it is also easier to interpret
a spectrum from a single line source, as opposed to a Zeeman
split source or a source with rf sidebands. Therefore, we have
improved the technique for a modulated gamma-ray absorp-
tion cross-section spectroscopy which we call nuclear fre-
quency-modaulation spectroscopy (NFMS).

The technique reported by DePaolo, Wagal, and Collins
was slow and laborious, with data collection times on the
order of months for tens of data points. We would like to
report the automation of this technique, with resulting data
collection times of two days for 1024 data points and a sig-
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FIG. 1. Méssbauer absorption spectra and enerey level diagrams for *'Fe in

iron; (a) with no rf field at the absorber, and (b) with a 4-Oe rf field applied
to the absorber at a frequency of 44 MHz, showing the effect of the rf field.
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that sidebands appear at integral muitiples of the frequency of the rf ficld.

nal-to-noise ratio of 8:1 for a signal that represents a relative

absorption of 3%. This article describes the NFMS appara-
tus, describes the interface to an Apple computer which au-
tomates NFMS data collection, and presents some typical
NFMS data. .

). SPECTROMETER DESIGN

The NFMS is a modification of a conventional Mass-
bauer spectrometer comprised of the equipment in the dot-
ted box in the schematic of Fig. 3. A Kr gas-filled propor-
tional counter (ASA PC-KR-1) biased with 1.8 kV from a
Bertran Associates model 303 dc voltage supply was used as
our gamma-ray detector. The signal from the detector was
amplified by an ASA CSP-400A preamp and ASA LA-200
amplifier. The amplified signal was then fed into an ASA
LG-200 linear gate which produced 1-us TTL pulses for
counting, B

A 10-mCi *’Co Massbauer source in a Pd matrix was
mounted on an ASA K-4 linear motor capable of operating
at a constant velocity or with constant acceleration. A stable
means of Doppler shifting the energy of the emitted gamma
ray is needed, therefore, an ASA S-700 motor controller is
used to produce the voltage waveforms which drive the lin-
ear motor. The constant acceleration voltage waveform is
derived from a 5-Hz square wave which must be provided by
the multichannel scalar (MCS). If the motor is driven at a
constant velocity, then the motor controller gates off data to
the MCS while the motor is rewinding.

The key to NFMS is the presence of the rf field at the
absorber, for which a very stable rf signal generator and am-
plifier are needed. A Wavetek 3510 signal generator, with a
frequency range of 1 MHz to 1 GHz, and a 100-Hz resolu-
tion with a 500-Hz/( {0-min ) stability, was used. The rf am-
plifier was an ENI 550L 50-W linear amplifier with a range
of 1.5-400 MHz. There were two basic circuits used to gen-
erate the rf field at the absorber. One was a series LC circuit
in parallel with an impedance matching capacitor (Fig. 3).
This series-resonant tank circuit was designed to have either
a low Q when used in a narrow-band NFMS, or a high Q
when used to obtain a Mdssbauer spectrum in the presence
of a single-frequency f field. It should be noted that narrow
band in these instances refers to a 12 MHz or less bandwidth.
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The other circuit, used in the wideband NFMS, simply in-
corporated an inductor in series with an impedance match-
ing noninductive load. The absorber was then mounted in
the induction coil of the appropriate circuit and subjected to
field intensities on the order of 1-5 Qe.

In order to monitor the field intensity in the coil, a Pear-
son 2877 current transformer was used to measure the cur-
rent flowing into the induction coil. This transformer out-
puts 1 V/A with a usable range of 300 Hz to 200 MHz and an
insertion impedance of 0.02 . In order to monitor the veloc-
ity of the motor, there is a pickup coil mounted in the linear
motor. The output from this pickup is used to stabilize the
driving voltage waveform, but it can also be monitored on an
oscilloscope. The velocity of the motor was established by
correlating the pickup coil voltages to the positions of the
peaks in the six-line spectrum of *’Fe. Currently, work is
underway building an interface to an Apple II + from an
ASA LC-9A laser interferometer. This interface will enable
the computer to display real-time velocity information as
well as track any drifting.

The heart of the NFMS, however, is the MCS/GPIB
interface (Fig. 4). It enables an Apple II + computer to be
used for data acquisition and real-time data display with ei-
ther the conventional Mdssbauer spectrometer (constant ac-
celeration mode) or with the NFMS (constant velocity
mode with GPIB interface to signal generator). The MCS is
a card designed around two VIAs, or versatile interface
adapters (6522's). The GPIB, or IEEE-488 General Pur-
pose Interface Bus (9914), is a commercially available inter-
face card available for the Apple computer. The GPIB is
necessary only for scanning frequencies of the signal gener-
ator. Therefore, the GPIB is not needed if one intends to use
only the Mdssbauer spectrometer.

The central components of the MCS are the two 6522's,
the multiplexing logic, and a 12-bit counter. Each 6522 is a

40-pin chip which has a 16-bit counter with a 16-bit latch, a
16-bit counter with an 8-bit latch, two 8-bit parallel ports,
and a serial port. The counter with the full latch can be set to
count down in a free running mode and generate interrupts.
In other words, the 6522 can be set to generate evenly spaced
interrupts so that the Apple’s CPU need not be wasted keep-
ing track of time. The counter with the half-latch can be set
to count negative logic pulses at one of the pins of the 6522.
The multiplexing logic is an assortment of gates which chan-
nel the pulses to be counted to one of the 6522's while chan-
neling the Apple’s data bus to the other 6522. When an inter-
rupt is generated, the pulses to be counted are gated to the
other 6522 while the Apple’s data bus is then channeled to
the first 6522. As a result, the time it takes the Apple’s CPU
to add a count to the proper channel is not dead time for the
MCS. The 12-bit counter, actually three 4-bit counters, is
needed to count 512 interrupts. This counting produces the
5-Hz square wave which is used by the motor controller to
generate a constant acceleration voltage waveform for the
linear motor. Therefore, the time between interrupts, hence
the dwell time per channel, must be 195 us for a 1024 data
point Méssbauer spectrum. The NFMS, on the other hand,
does not require an accelerating source. Therefore, when us-
ing the MCS in a NFMS, the dwell time can be user selected.
The optimum dwell time minimizes the total dead time,
which arises from the time needed to allow the rf signal to
stabilize each time the frequency is changed, without com-
promising the stability of the signali.

Use of this hardware as a NFMS or a Madssbauer
spectrometer is determined by the software. Written in 6502
assembly language, the software for the two spectrometers is
similar in principle but different in particulars. In both spec-
trometers the MCS transfers data to the Apple on an inter-
rupt basis. Both programs consist of four basic routines: an
initialization routine, a display routine, a keyboard-inter-
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F1G. 4. This block diagram shows the basic
components of the interface to the Appie
11 + computer. This interface enables the
computer to be used for automatic NFMS
data acquisition, or it can enable one com-
puter, with two cards, to control and coliect
data from up to two Mossbauer spectrom-
eters.

“\/’

APPLE Il DATA 8US

MCS/GPIB INTERFACE

364 Rev. Scl. Instrum,, Vol. 59, No. 2, February 1988

Mossbauer 364




preting routine, and an interrupt routine. The initialization
routine uses the multiplexing logic on the MCS card to ad-
dress each of the 6522’s and set the appropriate registers.
The display routine has two options. The data can be dis-
played graphically at different resolutions, or counts can be
displayed as counts per channel and total counts per sweep.
The graphics data display uses table lookup and two graph-
ics screens to provide a real-time data display. The initializa-
tion routine generates a table in memory which stores the
address for a given vertical coordinate on the screen in a
memory location which is correlated to the value of the verti-
cal coordinate. The value of the horizontal coordinate is cor-
related to the memory address of the channel to be displayed.
As the display routine scans through memory at the data, the
datum value and the channel value are used to address indir-
ectly the appropriate graphics screen coordinate through
this table. Therefore, by using table lookup, all of the math-
ematical operations necessary to obtain the appropriate
screen addresses (including a division by seven) are per-
formed-only once. While one graphics screen is displayed,
the other is cleared and plotted with the current data. The
updated screen is then activated and the first screen is
cleared and replotted, and so on. The keyboard-interpreting
routine allows one to change the display, change the resolu-
tion of the graphics display, or stop the spectrometer and
store the data on a disk, all with single key codes. A table of
these key codes is displayed at the bottom of the counts dis-
play screen, the default display. Finally, the interrupt rou-
tine collects the count from the currently accessible 6522 and
stores it in the appropriate 3-byte location. The display and
keyboard routines for the two spectrometers are identical,
but the initialization and interrupt routines for the two spec-
trometers are necessarily very different.

In the Mdssbauer spectrometer, the initialization rou-
tine must enable the MCS card to generate interrupts at 195-
us intervals. Next, the interrupt routine must be capable of
pushing all values in the CPU’s registers to the stack, access-
ing the count from the appropriate 6522 and adding it to the
appropriate memory locations, and then reloading the
CPU’s registers with their initial values, all in less than 195
us, with enough time left over to update the display between
interrupts. This feat was best accomplished by using four
separate interrupt routines. Since the spectrometer has 1024
channels, the data is stored in twelve 256-byte pages for 3
bytes per channel. Each interrupt routine addresses a chan-
nel comprising 3 bytes through the sum of base addresses
plus a counter value. Upon completion, each routine stores
the address of the next interrupt routine in the interrupt vec-
tor. The fourth routine stores the address for the first routine
in the interrupt vector and increments the addressing
counter. The result is an interrupt routine that lasts 50-60 us
from interrupt to return, depending on the number of bytes
which must be incremented. As a result, one Apple II +
computer can easily handle two Mdssbauer spectrometers
with a real-time data display for each.

In the NFMS, the initialization routine enables the
MCS card to generate interrupts at 3 of a second intervals.
This routine also initializes the signal generator through the
GPIB. The interrupt routine must then translate the number
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of interrupts generated into an elapsed time and compare
this time to the selected dwell time. In addition, this inter-
rupt routine must perform all of the functions of the Moss-
bauer spectrometer interrupt routine. After the elapsed
dwell time, the interrupt routine must step the frequency of
the signal generator and change the address (channel) for
data storage. When the frequency of the signal generator is
changed, and for a time thereafter, the data to the MCS must
be gated off and the timing stopped until the signal is stabi-
lized. In the NFMS, the speed of the interrupt routine is no
longer a major concern due to the significant increase in the
time between interrupts and the fact that the data is gated off
while the interrupt routine is delaying for the signal gener-
ator. Unfortunately, however, the time required to change
the frequency is unavoidable dead time. Yet the total dead
time in a run can be minimized by selecting a sufficiently
long dwell time which does not allow the signal to drift sig-
nificantly.

i1. DATA AND DISCUSSION

Figures 1 and 2 show data collected with our Mdssbauer
spectrometer and processed with a five-point running aver-
age. These figures show rf sidebands in an iron foil absorber,
and the frequency dependence of the rf sideband energies in a
stainless-stee] foil absorber. All NFMS spectra to be shown
were obtained from a 1.5-cm X 0.85-cm X 2.5-um iron foil
absorber enriched with 95% *'Fe . This foil is the same ab-
sorber which gave us the spectra in Fig. 1. All spectra shown
were obtained from an absorption geometry, using a *’Co
source in a Pd matrix. All NFMS spectra have been pro-
cessed with a five-point running average.

The first set of NFMS data concentrates on the first-
order sidebands from the 1 and 6 parent transitions (Fig. 5).
The nomenclature for identifying the rf sidebands is as fol-
lows. The first digit corresponds to the order of the sideband.
Radio-frequency sidebands of the jth order from a given par-
ent transition are found at the sum and difference frequen-
cies of the static field, or Zeeman splitting, and j times the
frequency of the applied rf field. The letter after the first
digit, either an “n" or a “*p,” indicates whether the sideband
is a negative or positive sideband, respectively. A negative
sideband appears at an energy lower than the energy of the
parent transition, while a positive sideband is at a higher
energy. The last digit identifies the parent transition of the
sideband. There are six allowed transitions for *’Fe in a me-
tallic iron foil, of which the lowest-energy transition is iden-
tified as parent transition 1 and the highest-energy transition
is identified as 6. The energy difference between parent tran-
sitions 1 and 6 is 123 MHz, therefore, at 61.5 MHz the 1n6
and 1p1 sidebands should overlap at the transition center of
the spectrum. If the gamma-ray source is stationary, then
the ene gy of the gamma rays emitted differ from the energy
of the transition center of the absorber by the isomer shift.
Therefore, a stationary source should provide a NFM spec-
trum of the In6 and 1pl sidebands displaced from 61.5 MHz
by plus and minus the isomer shift, respectively [Fig. 5(a)].
The source used was in a Pd lattice, which has an isomer shift
of — 0.185 mm/s relative to metallic iron. If the source is
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then given a constant velocity, the 1n6 and 1p1 sidebands
should be displaced from 61.5 MHz by plus and minus (iso-
mer shift — velocity), respectively [Figs. 5(b)-5(g)]. The
sign convention is to define a velocity as negative when the
source and absorber are moving away from each other. Note
that the rf sideband 1n5, which appears in Fig. 5, should be
separated from 1n6 by 25.9 MHz, the excited state splitting

frequency in metallic iron.

The second set of NFM spectra {Figs. 6(a)-6(c) ] were
obtained at a lower-frequency range. Higher-order side-
bands add together at these lower frequencies and present
significant cross sections. These particular spectra are com-
prised of 24 different sidebands, if one takes into account
sidebands out to the fifth order. Following the spectra are
computer-generated simulations [Figs. 7(a)-7(c)]. The
model, a simple algorithm, shows remarkable agreement
with the data. The frequency at which a sideband will appear
is

F, g (MHz) = [vel — (P, + is0) ] (K /ord), (1)
where P, is the position of the jth parent transition in mm/s,
vel is the velocity of the source in mm/s, iso is the isomeric
shift between the source and absorber, ord is the order of the
sideband, and K is a conversion factor=11.6
MHz/(mm/s) for the 14.4-keV gamma ray being detected.
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The linewidth of the sideband as it will appear in the NFM
spectrum is
Fio = (FP/ + T, }/ord, (2)

where I’ pis the linewidth of the sideband’s parent transition
and T, is the linewidth of the 14.4-keV gamma ray emitted
by the source. The apparent linewidth’s dependence on side-
band order can be understood by realizing that an nth-order
sideband will be displaced by 7 frequency units, while a first-
order sideband is displaced by one frequency unit. Since we
were concerned only with the relative amplitudes of a side-
band within a given NFM spectrum, the amplitude of a side-
band in a spectrum was assumed to be

Ajm =A‘:j/°rd, (3)

where 4 p is the amplitude of the sideband’s parent transi-
tion. By using this equation we have assumed that our spec-
tra were not exhibiting the saturation effects discussed in
Ref. 6. This assumption was a convenient mechanism for
introducing a sideband amplitude dependence on the rela-
tive amplitudes of the parents. For the iron foil used, the
relative amplitudes of the parents were taken as 2:2:1:1:2:2
[Fig. 1(a)]. The NFMS is a tool for directly measuring rf
sideband position, width, and amplitude. This model shows
that the NFMS is a powerful means of indirectly measuring
isomeric shifts and the positions and relative amplitudes of
the parent transitions.

The NFMS apparatus is versatile. This apparatus is a
conventional Mdssbauer spectrometer with or without a f
field, as well as a rf sideband spectrometer. A conventional
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Madssbauer spectrometer is not capable of measuring rf side-
bands when they overlap a parent transition, and resonances
have been predicted for certain such overlappings. The
NFMS enables one to observe the behavior of rf sidebands in
the vicinity of a parent transition, with high enough resolu-
tion to discern any fine structure in the sideband which
might result from such resonances, because in NFMS, the
parent transition appears only as a base line due to its lack of
any frequency dependence. With the NFMS, it is also possi-
ble to observe directly the effect of the rf field intensity on
sideband position, amplitude, and width. It should also be
noted that the MCS described in this paper may also be used
in a spectrometer similar to the type described by Bolef and
Mishory in Ref. 5.
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Comment on "Méssbauer sidebands from a single parent line"

by

C. B. Collins, P. W. Reittinger, and T. W. Sinor
Center for Quantum Electronics
University of Texas at Dallas

P.0. Box 830688
Richardson, Texas 75083-0688

Foils composed of alternating layers of ferromagnetic and nonmagnetic
materials immersed in magnetic fields oscillating at radiofrequencies display
sidebands on M6ssbauer transitions from the nuclei contained in the nonmagnet-
ic regions. Attributed by Chien and Walker [Phys. Rev. Bl3, 1876 (1976)] to
the transfer into the nonmagnetic layer of acoustic phonons excited by
magnetostriction in the ferromagnetic layers, this accepted cause of such

effects is challenged by new data resulting from a reexamination and extension

of that classic experiment.




The paper of Chien and Walker! was of such critical importance that it
warrants comment over a decade later. Generally perceived as reporting an
unarguable proof of a certain basic proposition, it has now been found to have
rested upon a demonstrably false assumption. A reexamination of the original
experiment shows it to have been so flawed that any conclusions drawn from it
must now be considered unproven.

The point of inception had been the original proposal of Mitin2.3 that
Mdssbauer transitions could be excited as part of a multiphoton process in
nuclei immersed in intense radiofrequency (rf) fields. 1In those cases the
Mdssbauer spectrum was expected to show additional sum and difference
frequency lines displaced from the normal lines by integral multiples of the
pérturbing frequency. In appearance such multiphoton spectra are expected to
resemble the transmission spectra which Ruby and Bolef* obtained by imposing
periodic Doppler shifts of purely mechanical origin upon the M6ssbauer source.
This unfortunate similarity in appearance between phenomena arising from such
different origins provided the basis for years of critical controversy
seemingly resolved by the work of Chien and Walker.! The purpose of this
comment is to report new data from a repetition and extension of the Chien and
Walker experiment that shows their conclusions to be unjustified. Without the
force of conviction conveyed by their work, the controversy must be reopened
to further investigation.

The earliest experiment in radiofrequency sideband production, reported
by Perlow’® in 1968, focused upon the components of the 14.4 keV transition in
57Fe.  Several 57Co sources diffused into ferromagnetic hosts were immersed
into intense magnetic fields oscillating at radiofrequencies. Those results
were explained® as the magnetodynamic modulation of the hyperfine fields and

generally conformed to the Mitin hypothesis for multiphoton transitions. Two °




of the three groups who initially documented this phenomena favored the
magnetodynamic explanation which required no mechanical action’:.6:7 while the
other group began to develop an alternative based entirely upon magnetostric-
tion.%? Most of the actual experiments had used ferromagnetic hosts to
enhance the applied magnetic fields, and such materials are almost invariably
magnetostrictive. In the model finally synthesized, periodic Doppler shifts
were assumed to be driven by acoustic phonons which were excited by magne-
tostriction along the greatest dimensions of the material and scattered onto
the axis connecting source and absorber. To be effective, this mechanism
required the sample to have a large acoustic Q so that displacements of the
active nuclei could build to significant values.

Despite the accretion over the years of a large body of phenomenology
presumed to describe rf sidebands on Méssbauer transitions, the magnetostric-
tive-acoustic theory never quantitatively predicted the amplitudes of the
sidebands as functions of either applied power or frequency. However, the
magnetodynamic models of that time fared no better, and attention turned to
"proving” a magnetostrictive origin by distressing the alternative explana-
tions.' The obvious difficulty with proving a theory by distressing the
alternatives is that those other explanations may not have reached comparable
levels of maturation. The magnetodynamic models of the late 60's were
relatively easy to destroy.!® However, the recent successes of ferromagneto-
dynamics!1.12 show the early models® of sideband formation to have been
inspired, but inadequate approximations. These models simply did not embody
the level of sophistication necessary to describe the complex switching
behavior of magnetization 1in ferromagnetic foils subjected to wvarious
combinations of static and oscillating fields in those geometries employed.

More recent experiments!3.%% have shown that the applications of such

oscillating magnetic fields to Mdssbauer nuclei embedded in nonmagnetic hosts




do produce radiofrequency sidebands by directly modulating the phases of the
nuclear states involved in the transitions. However, amplitudes were rather
small in those experiments because the driving forces depended only upon the
value of applied field, uyH. 1In 1984, we extended such approaches further by
deriving the phase modulation of a nuclear state in a magnetic material.' 1In
this case driving forces were proportional to the magnetization uM and
effects were found to be large.'5.16:177 It appears that m.any prior results
attributed exclusively to a~oustic effects driven by magnetostriction could
have also benefited from an unrecognized contribution from direct phase
modulations of the nuclear states involved.

From a current perspective it 1s the experiment reported by Chien and
Walker! that forms the bulwark of the magnetostrictive-acoustic explanation of
Mdssbauer sidebands. In that experiment an absorbing foil composed of
ferromagnetic and nonmagnetic layers was used to study transport of the
causitive agent from the ferromagnetic layer into the nonmagnetic region where
the sidebands were produced upon M&ssbauer transitions of embedded 57Fe
nuclei. Very clear evidence showed that the cause did arise in the ferromag-
netic Ni layers, producing sidebands in the nonmagnetic stainless steel
layers. The most ready explanation at that time was a transport of phonons
from one layer to the next with a high acoustic Q. Those experiments were
repeated In the work reported here, but with extensions which contradict the
classic interpretation of Chien and Walker.!

Although not unique Ior all sidebands in a spectrum,! the idea of a
modulation index m as a measure of the strength of the development of the
sidebands offers practical convenience for descriptions. For a magnetostric-

tive origin,!
m = Xo/% , (1)




where %y is the amplitude of the periodic displacement of the nuclei and 4=
0.137 A for the 14.4 keV line of 57Fe. In the corresponding magnetodynamic
model, 15
m = bH , (2)

where H is the applied magnetic field and b provides proportionality between
Mg, the saturation magnization of the medium, and H. For relatively small m,
the ratio of the magnitude of the first order sidebands to the intensity in
the original parent line is proportional to m?, which in turn is proportional
to P, the applied radiofrequency power.

One of the most compelling results presented by Chien and Walker! was a
demonstration supposed to show the enhancement of m? afforded by tighter
acoustic coupling of the layers. They found that electroplating Ni upon a
stainless steel foil produced much higher values of m? in absorption experi-
ments than could be obtained by gluing a Ni foil to the stainless foil. They
attributed the difference to the obviously poorer acoustic properties of the
glue. However, as part of this report we observe that their stainless steel
foil was electroplated on both sides with Ni while the epoxied bond was used
to join a single ¥i foil to one side of the stainless absorber. While the m
defined by Eq. (1) for a single foil could not be additive if produced in
different magnetostrictive layers, in principle the Mg upon which m depends in
Eq. (2) could add coherently. Two sources of m arising from distinctly
separate sources could give a resulting modulation of 4m? in a magnetodynamic
model. Chien and Walker failed to recognize'! that even in the magnostrictive
model two sources of m generated in the two electroplated layers should give a
modulation index of 2m? in the absorber foil. Instead, they attributed the
increased sideband intensity developed by the two plated sources in comparison
to the one glued source only to the advantage they assumed for a plated

contact over a glued interface. They reported no comparison of the effects of




gluing or plating the same number of ferromagnetic layers to the absorber
foil. Reported here is a repetition of the Chien and Walker experiment which
showed that the effect of two foils varied from two to four times that
produced by a single foil joined in the same fashion, depending upon the
static magnetic bias applied.

In our experiment the absorber was a 2.5 um paramagnetic stainless steel
(SS) foil with 90.6% enrichment of 3’Fe. For the nonabsorbing ferromagnetic
drivers, 2.5 pm Ni foils were used, all of which were cut from a single sheet
of polycrystalline Ni. The stainless-steel absorber was sandwiched between
two Ni foils and held in rigid contact by mounting the foils between glass
cover slides of 100 um thickness. A conventional Mossbauer spectrometer,
modified for rf experiments, Fig. 1, utilized a 25 mCi source in a Rh matrix
to obtain the 37Fe absorption spectra. The 14.4 keV gamma rays were detected
with a Kr gas filled proportional counter biased with 1.8 kV.

A 25 MHz rf magnetic field was applied by mounting the foils in the
cylindrical induction coil of an L-C tank circuit. In obtaining data for a
direct comparison between the effect of one Ni driver versus two, the product
of the applied rf power P and the electrical Q of the circuit containing the
rf induction coil was maintained at constant values. Elementary analysis
shows that if PQ is constant the rf current in the coil of such a circuit is
also constant and hence the two absorber arrangements are subjected to applied
fields of the same intensity H. The results of the first experiment verified
the linearity of the first order sideband amplitudes at 25 MHz for SS with two
Ni drivers with PQ products of 75, 150, and 300 W Fig. 2. The spectra are
scaled so that the intensity of the central M&ssbauer absorption peak of 37Fe
in S8 is held constant in order to make direct comparisons of the sideband

amplitudes.




Having established the linearity of the first order sidebands in the
Ni-SS-Ni sandwich, one of the Ni drivers was removed and the experiment was
repeated with the same PQ products as before. Figure 3 shows a comparison of
the sideband amplitude for two Ni drivers versus one; in this configuration
two Ni drivers give twice the effect of one driver foil.

In the next experiment a comparison between the effect of one source of
excitation with that from two sources when both were biased with a static
magnetic field. Rare earth magnets were placed about the induction coil such
that the static magnetic field was mutually orthogonal to the rf magnetic
field and the direction of gamma-ray propagation.

The linearity of the sideband amplitudes at 25 MHz as a function of PQ
was again established (Fig. 4) to insure that the introduction of the static
magnetic field did not introduce any nonlinearities to the system. The scale
thus established was used to measure the decrease in the sideband amplitude
vhen one of the sources of excitation was removed from this biased sandwich.
As is clearly shown in Fig. 5, the sideband amplitudes obtained with two
driver foils are four times the amplitudes obtained with one driver foil.
Therefore, with the application of a static B-field, two sources of excitation
give four times the effect.

The results of this reexamination of the Chien and Walker experiment
support only the first conclusion reached in that original work, namely that
the causitive agent of rf sidebands can be produced in a ferromagnetic layer
and then transported into a nonmagnetic layer. Their other conclusion is
completely refuted by this demonstration because the effects they attributed
to the type of coupling between layers most probably resulted from the
relative numbers of magnetic and nonmagnetic layers.

These new results go beyond the propositions tested by Chien and Walker'

and display behaviors completely inconsistent with the traditional magne-




tostrictive-acoustic origin of Méssbauer sidebands. In experiments such as
these, acoustic phonons are the bosons associated with vector fields driven by
tensor forces, not vector forces. Without invoking stimulated emission, we
can conceive of no way in which tensor sources which are physically separated
can produce coherent vector fields in a space between them, even if they are
temporally synchronized. The stimulated emission of phonons to produce
coherent additions of the displacements arising from the different sources
would imply the existence of a threshold of power, above which two modulation
indices of m would give an effect of 4m? and below which only 2m?. No such
threshold was suggested by data similar to that of Fig. 5 which was obtained
over an adequate range of powers.

In view of the growing number of successes of the model for the direct
modulation of the phases of the nuclear states and these new results which
question the validity of the conclusions of the Chien and Walker'! experiment,
it would appear that the controversy over the origin of Méssbauer sidebands
must be reopened.
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CAPTIONS

Fig. 1: Schematic drawing of the experimental arrangement used.

Fig. 2: Experimental verification of the linearity of the first order
sidebands at 25 MHz as a function of the applied rf power. The product of the
applied rf power, P, and the quality factor, Q, of the circuit are used to

insure reproducibility of the rf field strengths.

Fig. 3: Comparison of first order sideband amplitudes for one Ni driver foil
versus two at 25 MHz with a PQ product of 300 W.

Fig. 4: Establishment of linearity of the first order sidebands at 25 MHz
with PQ = 75, 150 and 300 W when the foils are biased with a static B-field.

Fig. 5: Comparison of sideband amplitudes for one driver foil versus two when
both are biased by a static B-field with PQ = 300 W. Here two foils give four

times the effect of one thus giving a modulation index of 4m?.
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Linearity of First Order Sidebands

as a Function of Rf Power

PQ =75 W

PQ =150 W

PQ = 300 W

Q .
% Transmission

Ni SS

-0
1
2

13
4 |

]
Details of First Order Sidebands Veloocity




Comparison of Sideband Amplitudes
for One Driver Foil vs Two

PQ = 300 W

Rf

[
% Transmission

N W N o O

J

Details of First Order Sidebands Velocity




Linearity of First Order Sidebands
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The excitation of coherent transients in Mdssbauer spectra has been
previously limited to a low range of frequencies by the high powers
required to modulate the nuclear phases. Reported here is an eleven-or-
ders-of magnitude increase in the efficiency through which such phenomena
can be produced. Magnetic modulation of the quantum phases of 57Fe nuclei
in paramagnetic media has been produced by spin waves of large amplitude
transported from ferromagnetic sources. Excited on one end by the oscil-
lating magnetization of a strip of ferromagnetic Ni, the absorber foil
showed the strong development of sidebands at the other end where mechani-
cal vibrations were shown to contribute less than 1% of the signal. In
these experiments the driving amplitude, Hy in the Ni was only 0.07 mT
while the frequency was 23.74 MHz.

It was further demonstrated that spin waves can transport nuclear
phase modulation effects through a paramagnetic bridge which connects
physically separated Ni source foils and the 37Fe enriched stainless which
was used to detect the effect. It was found that sidebands resulting from
nuclear phas2 modulation are not observed in the Mdssbauer absorption
spectra of '19Sn when thin foils of diamagnetic tin are used as the absorb-

er. However, the effect can be observed by embedding the tin nuclei into




ferromagnetic or antiferromagnetic materials. This was demonstrated in the
magnetic compounds FeSn, and NiSn.

It was also demonstrated that large scale nuclear phase modulation was
a dominant effect in nonmagnetostrictive permalloy and that the effect

correlated with the high permeability of these magnetically soft materials.
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CHAPTER 1

INTRODUCTION

The discovery by Méssbauer! that gamma-rays can be resonantly emitted
and absorbed by nuclei bound in a crystal made possible the direct observa-
tion of many phenomena formerly thought to be unmeasurable. The terrestri-
al measurement of the gravitational red shift,23 the testing of the
equivalence principle for rotating systems,% and the observation of nuclear
hyperfine interactions®:é are but a few of the experiments made feasible by
the Méssbauer effect.

Méssbauer's observation is attributed to the fact that in the case of
a nucleus bound in a crystal a gamma-ray can be emitted or absorbed without
any measurable transfer of energy to or from the lattice. This means that
neither thermal motion nor recoil can broaden or displace such transitions
in energy. The high Q of such resonances, approximately 10'2 for 57Fe,
provides photons of well defined energy which are useful for probing
phenomena involving very small energies. In this way Méssbauer spectrosco-
py can provide a highly detailed account of the way in which the nucleus
interacts with its environment. It is only through the existence of the
Moéssbauer effect that a practical source of very narrow line radiation can
be produced, and with such a source very small changes in frequency can be
measured.

With Méssbauer techniques there is sufficient frequency resolution
that spectral changes produced by ultrasonic and magnetic perturbations to
the nucleus can be observed in the short wavelength limit where quantum
effects are dominant. For example, consider a classical emitter of
radiation which has a negligible recoil energy. If the source is made to
oscillate harmonically about some point with an amplitude %y and a frequen-

cy Q, the emitted electromagnetic wave can be Fourier analyzed into a

1




component with frequency wy and "sidebands" at frequencies wy * nQl where n
-1, 2,...,. From a quantum viewpoint, this mechanical vibration of the
nuclei generates a sharp peak in the phonon spectra of the solid at the
oscillation frequency. The emission of the Méssbauer gamma-ray is then
accompanied by the emission or absorption of n phonons, with the resulting
gamma-ray spectrum consisting of a central absorption line accompanied by
equally spaced sidebands.

In 1960, during their efforts to utilize M&ssbauer spectroscopy as a
tool to study the phonon spectra of solids, Ruby and Bolef’ demonstrated
the feasibility of producing ultrasonic sidebands to the single absorption
line of 57Fe in stainless-steel. These ultrasonic sidebands were produced
by mounting the Mdssbauer source onto a quartz transducer which was excited
at megahertz frequencies. In addition, the source-transducer assembly was
simultaneously driven at low frequencies (15 Hz) to tune the absorption in
and out of resonance with the Doppler shifts produced by the lower frequen-
cy motion. With the use of a stainless-steel absorber, they were able to
obtain spectra which consisted of a central unshifted absorption 1line
accompanied by symmetrically located sidebands occurring at integral
multiples of the wultrasonic driving frequency. Subsequent experiments
similiar to those of Ruby and Bolef’s have been performed by Burov et al.,8
using '9Sn and by Cranshaw and Reivari®? with 57Fe. Classical frequency
modulation theory successfully predicts both the intensity and position of
these ultrasonically induced sidebands as will be presented in Chapter 2.

Eight years after the initial observation of ultrasonic sidebands it
was found that when either a ferromagnetic source or absorber was subjected
to a magnetic field oscillating at radiofrequencies additional lines
appeared in the gamma ray spectra. The resulting pattern of lines strongly
resembled the sidebands that had been produced earlier by the ultrasonic
effects. Since these rf sidebands were initially observed in ferromagnetic

materials, they were incorrectly explained as ultrasonic sidebands driven




by the magnetostrictive oscillations of the source or absorber foils when
exposed to an oscillating rf magnetic field.

More recently, some variations in the recoilless gamma-ray spectra
have been reported!? to result from direct modulation of the interaction
energies arising from the couplings of the nuclear magnetic moments to the
hyperfine fields. Described in terms of the phase modulation of the
nuclear states involved in the transition,!'0 those results demonstrate that
even the earlier rf effects reported in ferromagnetic materials could have
been the result of this type of phase modulation. It was not necessary to
associate them with the time dependent magnetostrictive oscillations of the
source or absorber foils.

This dissertation reports a reexamination of the question of radiofre-
quency sidebands and demonstrates that the effect arises from a direct
interaction of the rf magnetic field with the energy levels of the nucleus
and that magnetostriction effects produce a negligible contribution to the

sideband intensities.

Literature Survey

Radiofrequency (rf) sidebands in Méssbauer spectroscopy, a well
documented yet poorly understood phenomena, was first proposed in 1967 by
Mitin,ll»l2 who predicted that M&éssbauer transitions could be excited as
the result of a multiphoton interaction for nuclei immersed in intense
radiofrequency fields. 1In cases where there was the simultaneous absorp-
tion of a gamma ray quantum under Méssbauer conditions and a quantum of the
external radiofrequency field, the Méssbauer spectrum was predicted to show
each recoilless gamma transition to be accompanied by sum and difference
frequency lines displaced from it by integral multiples of the frequency of

the applied rf field. In appearance these multiphoton spectra were

expected to strongly resemble the transmission spectra obtained by Ruby and




Bolef’” by imposing periodic Doppler shifts of mechanical origin on the
source. This unfortunate similiarity between two phenomena arising from
completely different origins subsequently provided years of critical
controversy.

When radiofrequency sidebands were initially observed, they were seen
only in ferromagnetic materials where there exists a coupling between the
magnetic and elastic energy of the lattice. In such materials there are
time dependent magnetostrictive oscillations when they are subjected to rf
magnetic fields. Therefore, sidebands observed in ferromagnetic materials
could possibly contain a certain contribution due to mechanical frequency
modulation, as well as to multiphoton gamma-transitions. It is precisely
this combination of effects which has led to considerable controversy as to
the dominant mechanism producing the rf sidebands which have been observed
in ferromagnetic media.

The earliest experiment investigating the influence of radiofrequency
magnetic fields on M&ssbauer transitions was reported by Perlow!s in 1968.
In this experiment, Perlow subjected several 57Co sources which radiated
the 14.4-keV transition of 57Fe to intense magnetic fields oscillating at
radiofrequencies. He was able to demonstrate the destruction of the
Mbssbauer hyperfine pattern by the action of the rf field. Even though rf
sidebands were unresolved, Perlow attributed the observed change in the
recoilless absorption to the random flipping of the hyperfine field due to
domain wall motion.

It was later in 1968 that Heiman, Pfeiffer, and Walker'¢ reported the
first clear evidence of radiofrequency sidebands in 57Fe as a result of
subjecting an iron foil absorber rather than a source to an rf field. In
addition to the usual six-line Zeeman pattern of 37’Fe, a set of sidebands
were observed at energies fw, + nfw, where hw, is the energy of the
resonant gamma-radiation. Heiman et al.,' interpreted the additional

lines as acoustically modulated sidebands arising from time-dependent




magnetostrictive oscillation within the foil and dismissed the possibility
that the sidebands resulted from multiphoton processes. A later paper by
the same authors?’® provided‘considerable experimental evidence supporting
the magnetostrictive hypotheses. However, these results were challenged by
other researchers in the field because the magnetostrictive-acoustic theory
did not quantitatively predict the observed sidebands intensities in terms
of a single modulation index which would be a measure of the sideband
development.'® In order to get reasonable predictions of the sideband
intensities, it was necessary to postulate a large acoustic Q for these
samples that provided a remarkable amplification of the vibrational
amplitude of the acoustic vibrations inside the foil.'?

It was the experiment reported by Chien and Walker'® which gave the
most compelling evidence in favor of the magnetostrictive-acoustic theory
as an explanation of rf sidebands in ferromagnetic materials. In that
experiment a composite absorber composed of ferromagnetic and nonmagnetic
layers was used to study the transport of the causitive agent from the
ferromagnetic layer into the nonmagnetic region where the sidebands were
observed upon Méssbauer transitions of the 57Fe nuclei. Very clear
evidence showed that the cause did arise in the ferromagnetic nickel layers
producing sidebands in the nonmagnetic stainless steel layers. The most
ready explanation at that time was a transport of phonons from one layer to
the next with a high acoustic Q, but as will be shown in this dissertation,
this explanation is inadaquate and does not explain the new experimental
evidence to be presented.

The possibility that rf sidebands might be produced by modulating the
interaction energies of the nucleus with an rf field were all but dismissed
until 1978 when West and Mattias!? observed first-order sidebands from a
single parent line by subjecting a non-magnetic 3'W Méssbauer source of the

6.2-keV line of "W'Ta to a strongly oscillating field of up to 230 Oe

amplitude at a frequency of about one megahertz. The appearance of the




sidebands was due to the modulation of the interaction energy between the
applied radiofrequency magnetic field and the nuclear magnetic moments of
the two states of '81Ta, linked by the 6.2-keV transition. The sideband
positions, and intensities agreed well with theoretical analysis, assuming
a pure magnetic interaction, and successfully yielded the g-factor ratio of
the nuclear states involved in the transition that was in good agreement
with values obtained by other techniques.!® The results of that experi-
ment, however, have not been widely accepted because the sidebands were
obscured by the dispersive shape of the unperturbed Méssbauer resonance.

More recently, time-resolved Méssbauer spectroscopy'® (TMS) has been
used to analyze the influence of a periodically varying magnetic field on
the high resolution Mdssbauer resonance of 87Zn in order to unambiguously
demonstrate the pure magnetic phase modulation :f the nuclear Zeeman levels
in diamagnetic ZnO. This benchmark experiment required magnetic field
amplitudes as 1large as 13.4 mT for sinuscidal modulation at applied
frequencies, w, of 10 kHz. In a complimentary frequency domain experiment
where the time average of the recoilless gamma-radiation was measured, the
Méssbauer spectrum resulting from magnetic phase modulation effects showed
each absorption line to be split into an infinite set of sidebands dis-
placed apart from it by integral multiples of the applied driving frequen-
cy. In essence, a Moéssbauer spectrum resulting from magnetic phase
modulation effects 1is 1identical in appearence to the ultrasonic and
radiofrequency sidebands previously reported in the gamma-resonance
spectrum of 57Fe.

Since magnetic phase modulation effects were reported to scale as
(Ho/w)z, it would appear that such studies cannot be extended to nuclear
systems with transition widths much greater tlan that of é7Zn through a
simple extension of efforts. The conceptual key to orders-of-magnitude
enhancement of the phase modulation effects was developed in a series of

three papers by Depaola and Collins?0°2 in 1984. In a critical reexamina-




tion of the phenomenology of rf sidebands in a ferromagnetic material, they
suggested that the effect could be enhanced by the use of smaller powers
used to manipulate the hyperfine magnetic fields arising from the natural
correlations of the individual spins in ferromagnetic materials. The
magnetization of the sample was then controlled by the internal magnetic
field By and by a perpendicular radiofrequency field B.s;. In this way the
applied radiofrequency field could be enhanced at the nuclear sites by the

ratio of the hyperfine magnetic field to the static field By.

Summary

Even though a tremendous amount of literature has been published on
radiofrequency sidebands in ferromagnetic materials, a comprehensive
understanding of their origins remains elusive. It has been the goal of
this work to investigate and characterize certain phenomenological aspects
of radiofrequency sidebands in two Méssbauer isotopes, 5’Fe and '"9Sn, in an
effort to provide new insights into the origins of these controversial
sidebands. To this end three specific series of experiments were per-
formed.

In the first set of experiments, use was made of the well known fact
that foils composed of alternating layers of ferromagnetic and nonmagnetic
materials immersed in a radiofrequency field will display sidebands on the
Méssbauer nuclei contained in the nonmagnetic layer (following the tech-
nique of Chien and Walker'8). Using the concept of a modulation index,
which is a measure of the strength of sideband development, this first
experiment demonstrated that the sideband intensity measured as a function
of the applied rf power scaled as the square of the number of sources, an
observation not consistent with the magnetostrictive hypothesis.

Continuing this series, the next experiment was another direct attack

of the magnetostrictive hypothesis. In this experiment we presented clear




evidence of radiofrequency modulation of the hyperfine fields of 57Fe in a
nonmagnetostrictive iron-nickel alloy. Such alloys, or permalloys as they
are called, are of great scientific and technical interest because of their
unusual magnetic properties. In particular, the magnetostriction of a
polycrystaline permalloy passes through zero when the composition of the
permalloy approaches 81 percent nickel.?.2¢ At this critical composition
in well annealed alloys, hystersis losses are at a minimum and the perme-
ability is nearly maximum. Making use of two professionally prepared
permalloy foils with compositions near the magnetostrictive null, this
experiment demonstrated that the appearence of sidebands in these ferromag-
netic iron-nickel alloys correlated with their permeability and not with
their magnetostrictive properties.

The second series of experiments was performed using ''9Sn as the
Méssbauer isotope. Pure tin, which is diamagnetic, can be readily alloyed
with nickel and iron to form ferromagnetic and antiferromagnetic compounds.
These alloys allowed a direct comparision of sideband behavior in materials
with different magnetic properties.

The third and final series of experiments dealt with the transport
properties of wultrasonic and radiofrequency sidebands. Here it was
demonstrated conclusively that rf sidebands induced 1in paramagnetic
materials via an interaction with a ferromagnetic driver are the result of
spin waves propagating in the absorber foil. These spin waves interact
with the nucleus and the net effect is to induce sidebands upon the
Méssbauer transitions of the nucleus by modulating the phases of the

nuclear states.
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CHAPTER 2

THEORY

THE MOSSBAUER EFFECT: AN OVERVIEW

The Méssbauer effect can be readily described by considering a nucleus
which decays from some excited state to its ground state by the emission of
a gamma-ray. The recoil energy of the nucleus, E., reduces the energy of
the gamma-ray and also serves to increase the Doppler broadening of the
line due to the thermal motions of the nuclei. The recoil energy of the

nucleus is given by
E. = E 2/2Mc? , (2.1)

where E, is the transition energy, M is the mass of the nucleus, and c is
the speed of light.

According to the Debye theory of specific heat,! a solid may be
considered to consist of a large number of 1linear oscillators with a
distribution of frequencies ranging from zero to some maximum frequency wy;
the total number of oscillators being equal to 3N, where N is the number of
atoms in the solid. If the recoil energy of the nucleus is less than the
quantum of energy necessary to excite the oscillator to the next higher
energy level, the gamma-ray may be emitted without recoil. The probability
of such recoilless emission is, in most cases, governed by the Debye-Waller
factor, a familiar quantity in the theory of x-ray and neutron scattering.

The Debye-Waller fraction?:.3 is given by the Debye model as

f = exp (-3E./2kg6p); T << 6 , (2.2)
£ = exp (-6E.T/kg8p2); T > 6 ' (2.3)
11
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where T is the absolute temperature, kg is the Boltzman constant and 6, is
the Debye temperature. The Debye temperature, which is a measure of the
stiffness of the lattice, is defined by the expression fiuy, = kg6,.

Practical considerations dictate that to observe the Mdssbauer effect
it is necessary to have E. < k8,, where k = 2x/A. This condition requires
the emitted gamma-rays to be of relatively low energy and the material in
which the Mdssbauer nuclei are embedded to have a high Debye temperature.
Typical Debye temperatures are on the order of a few hundred degrees Kelvin
(8p = 470 K for Fe and 200 K for Sn) while typical gamma-ray energies used
in Mdssbauer spectroscopy lie between 10-100-keV (E, = 14.4-keV for 57Fe and
23.875-keV for ''9sn). To date the M&ssbauer effect has been observed in
over 100 nuclei.3 The best known are ’Fe and 'Y9Sn, both of which have
large recoilless fractions at room temperature.

Although experiments involving the Méssbauer effect can be performed
with either a transmission or a scattering geometry, only the former is of
interest for the current research. A typical transmission experiment
consists of measuring the intensity of the resonance radiation passing
through the absorber as a function of the relative velocity between the
source and absorber. Because of the Doppler shift in energy produced by
such a velocity, a resonance line shape is traced out.

In the work being presented here, two M&ssbauer isotopes were used:
7Fe and "9Sn. The energy level diagram of the nuclear emission for 57Fe is
shown in Figure 2.la. The gamma-ray source is 57Co, in either a Pd or Rh
lattice. It decays by electron capture into an excited state of 57Fe, with
its 3/2 - 1/2 transition emitting a 14.4-keV gamma-ray as seen in Figure
2.1a. This transition is very long-lived by nuclear standards with a mean
lifetime, r of 1.4 x 107 sec. From Heiscnberg’s uncertainty principle; AE
= ' = f/r, the natural line width of the transition is I' = 5 x 109 eV.
Since the ratio of the natural line width and the photon energy, E/T is a

measure of the accuracy of the determination of the relative frequency or
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Figure 2.1
Energy level diagram for a 57Co source and 37Fe absorber showing (a) the
emission process for the 14.4-keV gamma-ray and (b-d) static perturbations

of the nuclear energy levels. Note: In (b-d) the energy scale is about

10"3 smaller than in (a).
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energy changes of the system, the 1l4.4-keV transition is sharply defined
with E/T = 2.9 x 102,

In Pd or Rh lattices the 1l4.4-keV transition can emit its gamma-ray
without recoil in about 80% of the cases; therefore, resonant absorption
can occur when the nuclear energy levels of the source and absorber match.
With the frequency of the photon so well-defined, the Doppler effect (i.e.,
moving the source relative to the absorber) can be used to tune the
absorption in and out of resonance with respect to the source. The
relative velocity of the source to the absorber in order to scan a full

width, 2I', of the gamma-ray line is given by the Doppler shift
Ey = (V/c)E cosa , (2.4)

vhere E, is the gamma-ray energy, v is the relative velocity of the source
and absorber, and a is the angle between the velocity direction and the
direction of the gamma-ray propagation.

Since a Moéssbauer spectrum is obtained by determining the intensity of
the gamma radiation that reaches the detector as a function of the Doppler
modulating velocity, the spectrum can be represented by a plot of intensity
verses velocity. Under ideal conditions the velocity-dependent intensity

is given by

r2/a
I(v) = I(0) , (2.5)
(v-vg)2 + T2/4

where I(0) is the intensity of the resonance peak when the energies of the
emitted and absorbed gamma-ray are equal, v is the Doppler velocity, vy is
the velocity at the resonance maximum and I' is the full width of the

absorption peak at one-half the maximum intensity (FWHM).




16

In terms of the resonant cross-section the energy distribution of the
emission or absorption line has a Breit-Wigner or Lorenzian line shape

given by

(T2/4)
o(E) = oy . (2.6)
(E-E,)2 + (T?/4)

The total cross section, oy, for the absorption of nuclear radiation is

given by

A 2L+l 1

Oa ™ e

2r 20+l o+l

' (2.7)

where k = 2a/)\, and a is the total internal conversion coefficient for the
gamma transition. The quantity (2I,+1)/(2I4+l) is a statistical factor
which is simply the ratio of the degeneracy of the excited to the ground
state where I, and I, are the spins of the excited and ground states of the
gamma transition. The quantity 1/(1l+a) gives the fraction of transitions
which occur by the emission of a gamma photon. Since the emission and
absorption resonances have the same line shape, the experimentally observed
spectrum is a convolution of the source and absorber lines with a full
width at half maximum (FWHM) of 2r.

In order to extract as much information as possible from a Méssbauer
spectrum, there are two important features that must be understood. The
first is why the resonance may be shifted between source and absorter by
some finite, non-zero value of the velocity. The second is why the spectra
from two level transitions are often composed of a number of resonance

lines instead of just a single line.
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In a Moéssbauer spectrum the change in the position of a resonance
line, or the center of a resonance pattern, is called the isomer shift. It
is due to the electrostatic interaction of the nucleus with the electron
charge density at the nucleus and can be considered an electric monopole
interaction as shown in Figure 2.1b. More specifically, the excited and
ground state nuclei differ in radius by a small yet significant amount
(about 0.02% in 57Fe). It is this change in the radius of the nucleus
which causes the electrostatic interaction between the nucleus and the
surrounding electrons to change upon excitation of the nucleus. If the
Méssbauer nuclei in the source and absorber are in different chemical

environments so that different electron distributions are experienced, the

isomer shift is given by

2=
LS. = —— Ze2[[%,(0) |2 - [%,(0) 1] (R? - Re?) ., (2.8)

where |[¥(0)|? is the electron charge density at the nucleus, and R, and Ry
are the effective radii of the excited and ground state nuclei, respective-
ly.

The fine structure of the Mdssbauer spectrum arises from two principle
static interactions; the magnetic dipole and electric quadrupole interac-
tions, as shown in Fig. 2.1c and 2.1d, respectively. Since both the
excited and ground states of 3’Fe and '"9Sn have non-zero nuclear spin, the
magnetic dipole moment of the nucleus can interact with a magnetic field H,
to produce a nuclear Zeeman effect, splitting the nuclear levels with spin

I (I >0) into (2I + 1) sublevels, with eigenvalues

Ep = -pyHmy/T = -gyByHm, , (2.9)

where m; is the magnetic quantum number with values m=-1I,I-1,..., -I, H

is the magnetic field intensity at the site of the nucleus and pu, is the
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nuclear magnetic dipole moment. The nuclear magnetic moment is related to
the nuclear Bohr magneton, B, by the Lande’ factor, gy defined by the
relation py = gy8yI. In the case of 57Fe, which has a 330 kOe internal
magnetic field, the absorption spectrum is split into six lines as shown in
Figure 2.2. One of the most important applications of the Méssbauer effect
has been the observation of this nuclear Zeeman interaction which can, in
principle, be studied in practically all cases simply by placing either the
source or the absorber in a field of convenient size while observing the
splitting of the resonant line.

The electric quadrupole interaction is the interaction of the nuclear
quadrupole moment, Q, with the gradient of the electrostatic field at the
nucleus as shown in Figure 2.1d. The nuclear quadrupole moment arises from
the deviation of the nucleus from a spherical symmetry;2 hence, Q = 0O for
nuclear spin states I = 0 or 1/2, but Q is non-zero for the 14.4-keV state
of 57Fe. However, the quadrupole interaction is much smaller than the

magnetic splitting of interest in this work and, therefore, can be neglect-

ed.

MECHANICAL FREQUENCY MODULATION

Ruby and Bolef* were the first to produce frequency modulated side-
bands in Méssbauer spectra. They did so by mechanically vibrating the
source with a pilezoelectric quartz transducer which was made to oscillate
at megahertz frequencies. Several other investigations of £frequency
modulated sidebands have since been reported.5-8

The formalism of frequency modulated sidebands produced by periodic
Doppler shifts is as follows. Consider a source of electromagnetic
radiation which is made to execute a simple harmonic motion with frequency,
Q, and amplitude x,. The time dependent displacement of the nucleus from

its equilibrium position is given by
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Figure 2.2

Mbssbauer absorption spectrum of an iron foil enriched with 57Fe. The six

lines observed are the result of a magnetic dipole interaction. The

separation of the outermost lines is * 5.3 mm/sec while the innermost lines

are separated by * 0.84 mm/sec.
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x(t) = xgsinft . (2.10)

The resulting time dependence of the recoilless gamma radiation as observed

in the transmission through a resonant absorber has been given to be?

E(t,tg) = AV2exp[i(wpt + asint) - (A/2)(t-ty) , t=t, (2.11)

t<ty

where the constant A(= r'1 = I'/A) is the reciprocal of the mean lifetime of
the decaying state, wy; is the frequency of the unperturbed radiation and a
= wpXg/c 1is called the modulation index. Choosing the formation of the
excited state to occur at time ty = O the observed intensity of the emitted
radiation is proportional to the absolute square of the its amplitude:

Eq.
(2.11) shows that I(t) is given by

I(t) « |E(t)|2 = re'dt = )eTt/2h

, (2.12)

However, since the wave is not monotonic, the frequency distribution

of the wave is obtained by expanding E(t) as

E(t) = (2x)"1/2 /:a@(w)ei“t ; (2.13)

The term ®(w) gives the weight with which the frequency w appears in E(t).

Fourier inversion gives

d(w) = (2x)°1/2 /zcz(c)eivt , (2.14)
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or with Eq. (2.11), along with the Jacobi-Anger Bessel function identity;

eiasinat _ E Jn(a)ei""t , (2.15)
=0

after integeration yields

Jp(a)exp[inQt]
®(w) = -AV2iexp[-i(wt+asinQt)] E ,(2.16)
w - w -0l - i(A/2) ‘
n=0
The intensity distribution of the wave is then
Jp2(a)
I(w) = A E 5 5 , (2.17)
- - + A\¢/4
— ((w - (wg - nf2) /4]

where J,(a) is a Bessel function of the first kind.

The spectrum of Eq. (2.17) reveals that the electromagnetic wave is a
superposition of partial waves with frequencies wy * n? where n = 0, 1,
2,...,. Since the intensity of the Méssbauer absorption line goes as the
square of the electric field vector, the intensity of the nth sideband is

related to the square of the nth Bessel coefficient

J2(%g/X) . (2.18)
The argument of the Bessel function, x3/X where X is the normalized
wavelength of the gamma-ray, is usually referred to as the modulation index
and is denoted by a. The intensity of the unperturbed absorption line is

given by

f = |Epeg(w,t) |2 = Jp2(xp/%) . (2.19)
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Since Ej is mnormalized, f is the fraction of the radiated energy with

frequency wg.
MAGNETIC PHASE MODULATION

Magnetic phase modulation theory!® was derived to analyze the influ-
ence of a periodically varying magnetic field on the Méssbauer resonance of
67Zn in diamagnetic Zn0O. Pure magnetic modulation of the nuclear Zeeman
levels by an alternating magnetic field was observed to produce phase
changes of the nuclear states which were manifested as time-dependent
oscillations of the transmission intensity measured as a function of the
oscillating magnetic field.

For cases in which there is no static magnetic field!"' or in which the
modulation is parallel to the static field,'?2 the effect of the time varying

component, H,f(t) upon an eigenstate of the nucleus, W“”mm can be written,

¥ - e-iua(t) W(O)a,m , (2.20)

«,m

where ¢ (t) is the modulation angle of the phase,

t
P (t) = m,waff(t')dt' , (2.21)
o

and the Larmor frequency, w, is,

w, = uyg.Ho/ M , (2.22)
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where uy is the nuclear magneton, g, is the gyromagnetic ratio for the a-th
excited or ground state of the nucleus, and m; is the magnetic quantum
number of the eigenstates.

In principle, the difference in phase modulation between the ground
state, g, and an excited state, e, may be observed during an absorption
transition because the Fourier components of Ap(t) = @ (t) - @g(t) will be
manifested as sidebands. However, since the transition will have a width,

' associated with the time-dependent decay of the states, unless,

fw, = T , (2.23)

the sidebands will be buried in the natural wings of the probing transi-
tion.
The modulation angle of the phase is easily calculated for a nucleus

with spin I under the influence of a sinusoidally oscillating magnetic

field, B(t) = BycosQt. The nuclear magnetic dipole moment interacts with

the magnetic field according to

e
2mp

The modulation angle of the phase ¢ (t) is calculated as the integral

of the time-dependent Zeeman energy, hence by Eq. (2.18) we have

1 [t 1 t
Dp(t) = —— I.-B(t)dt - ——f eIl eB(t)dt , (2.25)
% Jo Bebnle + Jo gg N‘g

= + a;sinfit

where a; = gouyBg/2hQ is the amplitude of the phase modulation.

.




25

This last expression may be expanded as a Fourier series by using Eq.
(2.15). The Fourier coefficient C,(a;) is calculated from ¢,(t) over the

period of the oscillating magnetic field (T = 2x/0):

1 T
Cnh(a;) = — j;dtexp[i(fp(t) - nQt) ] , (2.26)

for sinusodial modulation C,(a) = J,(a).
Equation (2.27) indicates that the radiation consists of sidebands

which are separated by the modulation frequency with relative amplitudes

given by |C,(a;)|2:

2
|Chla;) |2 = L6a sin2a; , (2.27)
n [n2x2 - aaiZ]Z !

for even n. For odd indices the sine function is replaced by cosine.?

Large Scale Magnetic Phase Modulation Effects

The phase modulation theory presented in the last section was specifi-
cally developed to explain the response of a diamagnetic material to a
rapidly oscillating rf magnetic field. Next, it is interesting to address
the question of what happens when these same fields are applied to paramag-
netic and ferromagnetic materials.

It is well known that when an external magnetic field is imposed on a
diamagnetic material, there is an induced atomic EMF which opposes the
externally applied field in accordance with Lenz’'s law. The induced
magnetization of the material is directed opposite to the imposed field;
therefore, the magnetic field seen by the nucleus within a diamagnetic

material is smaller than the applied field would be in a vacuum,
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When an atomic system has a permanent magnetic moment due to the
presence of unpaired electrons, the material is either paramagnetic or
ferromagnetic. In paramagnetic materials these moments are weakly coupled
together and undergo random fluctuations due to thermal agitations. 1In
ferromagnetic materials the unpaired electron spins are coupled together
throughout the 1lattice producing strong magnetic fields at the nuclear
sites. For example, in 5’Fe the unpaired electrons are in the 3d orbital
and produce the 330 kOe internal magnetic field.

If an external field is applied to a paramagnetic material it becomes
energetically favorable for the moments to align with the field, but this
energy gain has to compete with the loss of entropy that would be associat-
ed with the loss of the random movement of the atomic moments.

With the application of an alternating magnetic field it is possible
to excite spin waves in materials possessing a permanant magnetic moment.
Spin waves which are oscillations in the relative orientations of the spins
in a material provide a mechanism through which phase modulation effects
can be propagated from ferromagnetic materials; where spin wave excitations
are strong, into paramagnetic materials where the individual spins are
weakly coupled.

The conceptual key to orders-of-magnitude of enhancement of phase
modulation effects has been reported!'3 to lie in the use of smaller
powers to manipulate the greater magnetic fields arising from the natural
correlations of individual spins in ferromagnetic materials. However, the
modulation, 8M/dt of the magnetization, M of a ferromagnetic material is
rarely parallel to either the applied field, H, or even to M, itself.'® For
such cases of nuclei in ferromagnetic media, the modulation angle of Eq.
(2.20) takes a more complex form;!! and one which causes a mixing of the
eigenstates, W(°’a'm. Nevertheless, the principal parameter is still a

Larmor frequency, 0, which for magnetic environments becomes,
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na - I‘u&}{/ﬁ ’ (2'28)

a value much larger than that found in Eq. (2.19) for nonmagnetic samples.
Unfortunately, magnetic materials are almost invariably magnetostrictive
and the concern has lingered that even the enhanced effects of phase
modulation might always be overwhelmed by the periodic Doppler shifts
produced by vibration in the lattices excited by magnetostriction.

The propagation of magnetoelastic waves is a complex problem which has
been intensively studied since 1958.1% For many magnetic media the
dispersion equation for such waves displays several branches!'6-17 which can
be individually identified with spin waves, magnetostatic waves or elastic
waves. Mixed waves coupling magnons and phonons occur principally when
branches intersect, so that the frequencies and wavelengths for both are
nearly equal.!® Away from those values of parameters magnetic and acoustic
waves can be separated. In principle this offers a means to propagate only
the former to a sample in which it is desired to magnetically modulate the
phases of the states of the nuclei to be observed there without the
concomitant introduction of acoustic noise. This possibility was realized
in the third set of experiments reported in this dissertation and seems to

provide the key for separating phase modulation effects from those of

acoustic origin.
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CHAPTER 3

INSTRUMENTATION AND PROCEDURES

The Méssbauer Spectrometer

In this chapter the fundamental aspects of the experimental design are
presented which describe how the Méssbauer effect is used to study the
influence of an rf magnetic field on the energy levels of the nucleus.
Since a variety of experimental results are presented in this dissertation,
a general overview of the experimental appartus and techniques will be
presented in this chapter. The specific details pertaining to individual
experiments which deviate from what is discussed here will be presented in
the appropriate chapters covering the experimental results. The basic
spectrometer used in all experiments consisted of an electromechanical
transducer and its driving system, a gamma-ray detector with its associated
electronics and a computer used as a multichannel scalar to collect and
analyze the data. In addition to the above components, to apply the rf
magnetic field to the absorber required a MHz signal generator, power
amplifier, in-line power meter and a tuneable LC circuit.

The basic experimental arrangement is schematically shown in Fig. 3.1.
The spectrometer consisted of an Austin Science Associates (ASA) model
$-600 controller, an ASA linear motor and a multichannel scalar. The
Méssbauer source was mounted on the motor which serves as an electromechan-
ical velocity transducer to Doppler shift the frequency of the recoilless
y-radiation. The motion of the transducer is enslaved to a velocity
reference signal (VRS) generated by the S-600. It could be operated in
either a constant acceleration or a constant velocity mode. The Mossbauer

resonance spectrum was generated by storing counts registered by a nuclear

30
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Figure 3.1
Block diagram of the standard Méssbauer spectrometer used in all experi-

ments.
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detector as a function of the velocity in an Apple II+ computer which
served as a 1024 channel analyzer.

The S-600 requires a bistable signal from the MCA to properly time the
drive waveform with the channel sweep. The memory channels were sequen-
tially addressed with the velocity sweep using two triangular reference
signals, 6 Hz and 24 Hz, to control both the channel advance and the
velocity reference signal controlling the transducer.

For constant acceleration spectra the velocity of the motor was varied
linearly with time in synchronism with the MCS. This was achieved by using
a symmetric or asymmetric triangular waveform so that the VRS had a
constant slope. In contrast, when the VRS had a constant voltage, the
velocity of the motor was constant within a limited range. At the end-
points of its motion, the motor required a flyback signal to bring the
drive back to its starting position. Different review articles concerning
this type of instrumentation used to study the Méssbauer effect have been
published; two excellent examples are those by Cohen and Wertheim!' and
Herber and Hazony?.

The velocity calibration of the spectrometer was usually done by
measuring the peak positions of the six absorption lines of 5’Fe. The
outer absorption peaks span * 5.3 mm/sec while the inner lines are separat-
ed by * 0.84 mm/sec. For velocity ranges greater than this it was conve-
nient to use the rf sidebands produced in stainless steel driven by a
nickel foil immersed in rf fields or by using an ultrasonic piezoelectric
transducer to generate the sidebands. Since these sidebands appear at
integral multiples of the driving frequency, their spacing from the parent
transitions provides an ideal velocity calibration scale.3:* For absolute
velocity calibration the velocity transducer was also equipped with an ASA

LC-9A laser interferometer.




34

Mdssbauer Sources

In this work two Méssbauer isotopes were uscd: 3’Fe and '"9Sn. Both of
these isotopes have large recoil-free fractions at room temperature. The
precursor nuclide for the 14.4-keV gamma radiation of 57Fe is 57Co. The
decay scheme and energy levels for this isotope was presented in Chapter II
and will not be repeated here. The energy level diagram for '"9Sn is shown
in Figure 3.2. This nuclide is produced by the (n,y) reaction of 118gn
(24.01% natural abundance), using the thermal neutron flux of a nuclear
reactor. The Méssbauer transition at 23.875-keV from the first excited
state (3/2 - 1/2), is populated by the decay of the more energetic metasta-
ble "95n™ which has a half-life of 245 days. The ''9Sn was embedded in a
CaSn0O3 matrix which gave it a recoilless fraction of 0.6 at room tempera-
ture. The initial activity of the source was 2.1 mCi.

A variety of 37Co sources in Pd and Rh lattices were availble for use,
with activities ranging from 2-25 mCi. Furthur details will be presented

along with the experimental results.

Nuclear Detection System

To detect the 14.4-keV vy-rays in 3’Fe a Kr gas-filled proportional
counter, ASA PC-KR-1, was used. A biasing voltage of 1.8 kV was supplied
from a Bertran Associates model 303 dc voltage power supply. Krypton gas
has a K-edge at 14.32-keV, so it is preferred for 3’Fe work despite an
efficiency of only 50%. The resolution of a proportional counter is
determined by the statistics of the conversion of the energy of the y-rays
into an electrical signal which scale as 2N''/2, where N is the number of
primary electrons. A charge sensitive preamplifier, ASA CSP-400A, ampli-
fied the signals from the proportional counter and delivered them to an ASA

LA-200A linear amplifier. The amplifier output was then routed to an
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Figure 3.2

for the production of the 23.875-keV

Decay scheme and energy levels

Méssbauer line of ''"Sn. Note the parasitic 24.8-keV x-ray line which can

be electronically filtered out by using a high resolution high purity Ge

solid state gamma-ray detector.
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LG-200A linear gate which included upper and lower descrimination to allow
the selection of pulses produced by the desired y-rays. It also produced a
TTL pulse used by the MCS for counting.

Because of the presence of a parasitic 25.8-keV x-ray line in the
energy spectrum of the decay of '9Sn™ it was necessary to use a different
type of nuclear detector to detect the 23.875-keV Méssbauer line. The
problem of resolving low energy lines in the presence of a background
radiation caused by higher energy x-ray or y-ray is best solved by using a
high resolution semiconductor detector.? Therefore, to resolve the
23.875-keV Méssbauer transition from the 25.8-keV x-ray line an EG&G high
purity Ge detector was used to collect the ''°Sn absorption spectra. In a
semiconductor detector the incident y-rays produce electron-hole pairs in
the depletion layer of a pn junction of the semiconductor. The electrons
and holes are collected at opposite terminals due to the influence of a
negative bias across the pn junction.

Solid state detectors are highly sensitive, requiring only a few eV of
energy to create electron-hole pairs. The statistical factor that contrib-
uted predominately to the resolution in a proportional counter is of much
less importance for solid-state detectors. The lower limits on the
resolution of the semiconductor detector are due to thermal noise and
defects in manufacturing. These detectors must be operated at liquid
nitrogen temperatures because of the large thermal noise present at room

temperature which causes spurious pulses due to thermal excitations in the

crystal.

The Rf Apparatus

The rf apparatus consisted of a signal generator for operation in the
MHz range, amplifier, in-line power meter, and a parallel-series resonant

circuit as shown in Figure 3.3. A Wavetek model 3510 frequency synthesiz-
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Figure 3.3
Modification to the Méssbauer spectrometer to allow the application of an
rf magnetic field to the absorber foils. Proper rf shielding of the

Doppler motor was required to prevent rf interference from entering into

the velocity drive wave form.
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er with a very low intrinsic frequency modulation of only * 100 Hz with an
500 Hz/(10-min) stability supplied the rf signal and was tunable over a
frequency range of 1-1000 MHz. The output of the signal generator was then
amplified by an ENI model 550L linear amplifier which had a flat frequency
response over the range of operation. The amplified signal was monitored
by a Bird directional power meter. With the use of different elements both
the forward and reflected rf power could be accurately measured. A more
detailed discussion of the rf apparatus may be found in reference 8.

The magnetic field strength inside the induction coil in the absence

of any magnetic material is approximated by?

Hey = 6(PQ/Vv)1/2 ' (3.1

where P is the rf power in watts, Q is the Quality factor of the circuit (Q
= w/bw), V is the volume of the coil in cm® and v is the resonance frequen-
cy in MHz. It is clear from Eq. (3.1) that if the product PQ is held
constant, the rf current in the coil of such a circuit is also constant
and, hence, different absorber arrangements could be subjected to applied

fields of the same intensity, H.

Oxide Reduction of Absorbers

~ In experiments where the applied rf power exceeded more than about 5
watts cw, great care had to be taken to avoid oxidizing the absorber foils.
This was particularly troublesome for experiments with tin absorbers.
Stannic oxide, Sn0,, forms when metallic tin is heated and exposed to
oxygen. The resonance absorption of the 23.875-keV vy-rays of '"Sn in SnO,
shows considerable line broadening over that calculated from the known

lifetime of the 3/2 state (ry,2 = 2.75 x 108 sec, ' = 2.4 x 108 ev). It
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has been shown that this broadening of the absorption spectrum of Sn0; is
due to an unresolved quadrupole doublet with splitting A = 0.50 % 0.02
mm/sec .5:6

Rf joule heating in the ferromagnetic iron foils causes excessive
temperatures leading to the formation of iron oxides, in particular Fe,0s.
The formation of ferric oxides can change the value of the hyperfine fields
at the nuclear sites as well as induce quadrupole effects in the resonance
spectra. Therefore, it was necessary to reduce the oxidized foils of iron
and tin to their pure metallic forms by heat treating in a purified
hydrogen atmosphere.

The chemical reaction for the reduction of Fe,03 and SnO, are’

F3203 + 3“2 = 2Fe + 3H20 . (3.3)

The rates of these reactions are highly temperature dependent and are given

by the logarithmic equation’

log T+ log M = C , (3.4)

where T is the absolute temperature, M is the time in hours and C is a
constant. The time-dependent curve for the reduction of ferric and stannic
oxide is shown in Fig. 3.4. From the figure, the shape of the curve
indicates that the most advantageous temperatures at which to operate are
those over 750°C. Hydrogen gas reduction of the iron foils was usually
done around 1000°C; however, tin which has a low melting point (250°C)
required lower reduction temperatures for extended periods of time. This
was necessary to maintain the integrity of the foils.

As will be discussed in Chapter 5, some of the tin experiments

involved using binary metallic alloys of iron/tin and nickel/tin. Since
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Figure 3.4
Oxide reduction times for ferric and stannic oxides in a purified hydrogen

atmosphere as a function of temperature (after reference 7).
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the reduction of ferric oxide is easier than stannic oxide for a mixture of
these oxides the reduction would proceed as follows.? First, a reduction
of the ferric oxide would occur followed by a period where both oxides were
undergoing a reducion. Finally, after a time all of the iron would be
reduced with some SnO, remaining. The process would then continue until
all of the tin oxide was reduced to its metallic form.

The H, gas reduction of oxides was accomplished by using a Lindberg
54000 series tube furnace. The maximum operating temperature was 1200°C.
The temperature of the oven was monitored by measuring the EMF (millivolt)
output of a Platinell II thermocouple which terminated inside the core of
the furnace. The oxidized foils were placed in a quartz vessel and
inserted into a one inch diameter quartz sleeve that fit into the center
bore of the furnace. The flow rate of the hydrogen gas was approximately 4
ft3/hour. After passing through the furnace the excess hydrogn gas was
burned off using a modified bunsen burner.

To circumvent the oxidization of the absorber foils two techniques
were used. First, the rf could be pulsed on and off to allow for radia-
tional cooling of the absorber. This radiational cooling of the absorber
could be expedited by using a small fan to blow a stream of cool air across
the absorber mouncted in the induction coil of the LC circuit. A second
technique, used primarily in the tin experiments, was to perform the rf
experiment inside a sealed plexi-glass box which was filled with an inert
gas and held at positive pressures. Performing the tin experiments in this
atmospheric isolation chamber in combination with rf pulsing and a cooling

fan eliminated most of the oxidation problems.
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Ultrasonic Transducer Assembly

Two of the experiments reported in this work involved the use of a
quartz pieozelectric transducer to generate ultrasonic sidebands. The
absorbers were bonded by a gel or epoxy to the transducer. X-cut quartz
crystals were used to generate longitudinal waves, and AT-cut transducers
were used to generate transverse waves.® The transducers were purchased
from Valpey-Fisher and were cut to have their resonance frequency near 25
MHz. The electrodes were vacuum deposited chrome/gold and the transducer
was one inch in diameter. A critical concern was to maintain the total
thickness of the transducers to a value smaller than the range for the
relatively soft y-rays used in these experiments.

The absorber-transducer assembly was mounted in an aluminum holder to
provide mechanical rigidity to the transducer and to allow a means of
connecting the output of the rf generator/amplifier to the transducer
electrodes. A schematic of the acoutic assembly is shown in Fig. 3.5.

The piezoelectric quartz transducer was driven from the ouput of the
rf signal generator and amplifier described earlier. An rf impedance
matching network was not necessary since all the experiments were performed
at the natural frequency of the quartz transducer. The resonance frequency
of the transducer could be "tuned" through a small range of frequencies by
changing the dimensions and, hence, the mass of the absorber foils. The
added mass would change the load on the transducer and, hence, its resonant
frequency would shift slighty.

The mechanical resonance of quartz pieozelectric transducers are very
high with typical Q values of about 400 being reported in the literature.®
The vibrational resonance is Lorentzian with line widths dependent upon the

attenuation of the ultrasound in the transducer material .
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Figure 3.5
Schematic diagram of the ultrasonic transducer assembly used to mechanical-
ly modulate the gamma-ray energies of the 14.4 and 23.875-keV Méssbauer

lines of 57Fe and '"9Sn respectively.
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Data Analysis

Several computer programs were available for processing Méssbauer
data. The software used was from Coherent Technologies and basically
treated the data as vectors representing the counts stored as a function of
their channel address. Basic arithmatic operations such as addition or
subtraction of data sets and running averages could be easily performed.
Figure 3.6a shows an example of an unprocessed spectrum. The signal to
noise ratio could be improved by a factor of (5)'/2 by performing a running
average of the data from five successively resolved channels.® An example
of a five point running average is shown in Fig. 3.6b.

Since the data is stored as a function of the channel address of the
MCS and not as a function of the source velocity (mm/sec) it is necessary
to know the calibration constant of the spectrometer (mm/sec/channel).
This is calculated from a Méssbauer spectrum with known peak positions by
dividing the separation of the peaks in mm/sec by the number of channels
spanning the same range. The spectra could also be converted from counts

versus mm/sec to frequency units by calculating

vE

¥

Ac

(3.5)

Although the work presented in this dissertation is not concerned with
the absolute determination of the Mdssbauer parameters for a given sample,
there are, none-the-less, certain instrumental errors present due to the
Doppler motion of the source which should be noted. They are: Parabolic
distortion of the base line due to the inverse square law, Compton scatter-
ing, cosine smearing and channel width broadening of the spectra.'® The
distortion of the baseline, due to the inverse square law, is noticable for

a moving source when the source/absorber separation is small. Since the
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Figure 3.6
Raw data plot of a Mdssbauer spectrum of an iron foil (b) the same data set
after performing a five point running average which improves the signal to

noise ratio by a factor of (5)1/2.
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intensity of the y-rays fall off as 1/r?, this distortion may be corrected
by increasing the source to absorber separation.

Parabolic distortion of the baseline due to Compton scattering occurs
when higher energy radiation is emitted by the source. This can be
particularly troublesome when 37Co is the source because of the 137-keV
line due to the 5/2 - 1/2 transition.

The two remaing sources of instrumental error are cosine smearing and
channel width broadening. Cosine smearing is a natural consequence of the
angular dependence of the Doppler effect and will produce a spectrum which
is slightly shifted toward higher velocities. This velocity shift is given
by dv = vD2/16d2, where D is the detector diameter and d is the source-de-
tector separation.'%:'' Channel width broadening is due to a change in the
velocity of the source while counts are still being accumulated in a
channel. The magnitude of the effect is solely dependent upon the calibra-

tion constant of the spectrometer (mm/sec/channel).
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CHAPTER 4

EXPERIMENTAL RESULTS I

Introduction

In this chapter the results of two experiments are presented. Each
yields strong evidence which contradict the accepted hypothesis that
magnetostriction is the primary cause of radiofrequency sidebands. The
first experiment reexamines the results of Chien and Walker' who demon-
strated that sidebands could be propagated from a ferromagnetic driver foil
into a nonmagnetic sample. The data presented here conclusively demon-
strates that the effect of two foils varied from two to four times the
effect produced by a single foil, depending upon the static magnetic bias
applied; a result inconsistent with the magnetostrive-acoustic model of
sideband generation. The second experiment involves a study of radiofre-
quency modulation of the hyperfine fields of °’Fe in a nonmagnetostrictive
iron-nickel alloy. Here it is found that the sideband development corre-
sponds with the permeability of the sample and not with its magnetostric-

tion.

Coherence Experiment

From a current perspective it is the experiment reported by Chien and
Walker'! in 1976 that forms the bulwark of the magnetostrictive-acoustic
explanation of Mdéssbauer sidebands. In that experiment an absorbing foil
composed of ferromagnetic and nonmagnetic lay.rs was used to study trans-
port of the causitive agent from the ferromagnetic layer into the nonmag-
netic region where the sidebands were produced upon Méssbauer transitions

of embedded 37Fe nuclei. Very clear evidence showed that the cause did
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arise in the ferromagnetic Ni layers, producing sidebands in the nonmagnet-
ic stainless steel layers. The most ready explanation at that time was a
transport of phonons from one layer to the next with a high acoustic Q.
Those experiments were repeated in the work reported here, but with
extensions which contradiet the classic interpretation of Chien and
Walker.!

Although not unique for all sidebands in a spectrum,! the idea of a
modulation index m as a measure of the strength of the development of the
sidebands offers practical convenience for descriptions. For a magneto-

strictive origin,?
m = xq/X , (4.1)

where x; is the amplitude of the periodic displacement of the nuclei and X
=~ 0.137 A for the l4.4-keV line of 57Fe. In the corresponding magnetody-

namic model?
m = bH , (4.2)

where H 1is the applied magnetic field and b provides proportionality
between Mg, the saturation magntization of the medium, and H. For rela-
tively small m, the ratio of the magnitude of the first order sidebands to
the intensity in the original parent line is proportional to m¢, which in
turn is proportional to F, the applied radiofrequency power.

One of the most compelling results presented by Chien and Walker' was
a demonstration supposed to show the enhancement of m? afforded by tighter
acoustic coupling of the layers. They found that electroplating Ni upon a
stainless steel foil produced much higher values of m@2 in absorption
experiments than could be obtained by gluing a Ni foil to the stainless

foil. They attributed the difference to the obviously poorer acoustic
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properties of the glue. However, as part of this dissertation it is
observed that their stainless steel foil was electroplated on both sides
with Ni while the epoxied bond was used to join a single Ni foil to one
side of the stainless absorber. While the m defined by Eq. (4.1) for a
single foil could not be additive if produced in different magnetostrictive
layers, in principle the M; upon which m depends in Eq. (4.2) could add
coherently. Two sources of m arising from distinctly separate sources
could give a resulting modulation of 4m? in a magnetodynamic model. Chien
and Walker failed to recognize! that even in the magnostrictive model two
sources of m generated in the two electroplated layers should give a
modulation index of 2m? in the absorber foil. Instead, they attributed the
increased sideband intensity developed by the two plated sources in
comparison to the one glued source only to the advantage they assumed for a
plated contact over a glued interface. They reported no comparison of the
effects of gluing or plating the same number of ferromagnetic layers to the
absorber foil. Reported here is a repetition of the Chien and Walker
experiment which showed that the effect of two foils varied from two to
four times that produced by a single foil joined in the same fashion,
depending upon the static magnetic bias applied.

In this experiment the absorber was a 2.5 um paramagnetic stainless
steel (SS) foil with 90.6% enrichment of 57Fe. For the nonabsorbing
ferromagnetic drivers, 2.5 um Ni foils were used, all of which were cut
from a single sheet of polycrystalline Ni. The stainless-steel absorber
was sandwiched between two Ni foils and held in rigid contact by mounting
the foils between glass cover slides of 100 pm thickness. A conventional
Méssbauer spectrometer, modified for rf experiments, as shown in Fig. 4.1,
vtilized a 25 mCi source in a Rh matrix to obtain the 57Fe absorption
spectra. The 14.4-keV gamma rays were detected with a Kr gas filled

proportional counter biased with 1.8 kV.
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Figure 4.1
Schematic drawing of the experimental arrangement used in the coherence
experiments. Note the position of the rare earth magnets which are used to

apply a magnetic bias to the absorber.
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A 25 MHz rf magnetic field was applied by mounting the foils in the
cylindrical induction coil of an LC tank circuit. In obtaining data for a
direct comparison between the effect of one Ni driver versus two, the
product of the applied rf power P and the electrical Q of the circuit
containing the rf induction coil was maintained at constant values.
Elementary analysis shows that if PQ is constant the rf current in the coil
of such a circuit is also constant and, hence, the two absorber arrange-
ments are subjected to applied fields of the same intensity H. The results
of the first experiment verified the linearity of the first order sideband
amplitudes at 25 MHz for SS with two Ni drivers with PQ products of 75,
150, and 300 W producing the data shown in Fig. 4.2. The spectra are
scaled so that the intensity of the central Méssbauer absorption peak of
57Fe in SS is held constant in order to make direct comparisons of the
sideband amplitudes.

Having established the linearity of the first order sidebands in the
Ni-S5-Ni sandwich, one of the Ni drivers was removed and the experiment was
repeated with the same PQ products as before. Figure 4.3 shows a compari-
son of the sideband amplitude for two Ni drivers versus one; in this
configuration two Ni drivers give twice the effect of one driver foil.

In the next experiment a comparison is made between the effect of one
source of excitation with that from two sources when both were biased with
a static magnetic field. Rare earth magnets were placed about the induc-
tion coil such that the static magnetic field was mutually orthogonal to
the rf magnetic field and the direction of gamma-ray propagation.

The linearity of the sideband amplitudes at 25 MHz as a function of PQ
was again established as seen in Fig. 4.4 in order to insure that the
introduction of the static magnetic field did not intrcduce any nonlineari-
ties to the system. The scale, thus established, was used to measure the
decrease in the sideband amplitude when one of the sources of excitation

was removed from this biased sandwich. As is clearly shown in Fig. 4.5,
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Figure 4.2
Experimental verification of the linearity of the first order sidebands at
25 MHz as a function of the applied rf power. The product of the applied
rf power, P, and the quality factor, Q, of the circuit are used to insure

reproducibility of the rf field strengths.
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Figure 4.3
Comparison of the first order sideband amplitudes for one Ni driver foil

versus two at 25 MHz with a PQ product of 300 W.
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Figure 4.4
Establishment of linearity of the first order sidebands at 25 MHz with PQ =

75, 150 and 300 W when the foils are biased with a static magnetic field.
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Figure 4.5
Comparisonvof sideband amplitudes for one driver foil versus two when both
are biased by a static B-field with PQ = 300 W. Here two foils give four

times the effect of one thus giving a modulation index of 4m2.
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the sideband amplitudes obtained with two driver foils are four times the
amplitudes obtained with one driver foil. Therefore, with the application
of a static B-field, two sources of excitation give four times the effect.

The results of this reexamination of the Chien and Walker experiment
support only the first conclusion reached in that original work, namely
that the causitive agent of rf sidebands can be produced in a ferromagnetic
layer and then transported into a nonmagnetic layer. Their other conclu-
sion is completely refuted by this demonstration because the effects they
attributed to the type of coupling between layers most probably resulted
from the relative numbers of magnetic and nonmagnetic layers.

These new results go beyond the propositions tested by Chien and
Walker' and display behaviors completely inconsistent with the traditional
magnetostrictive-acoustic origin of Mossbauer sidebands. In experiments
such as these, acoustic phonons are the bosons associated with vector
fields driven by tensor forces, not vector forces. Without invoking
stimulated emission, there seems to be no way in which tensor sources which
are physically separated can produce coherent vector fields in a space
between them, even if they are temporally synchronize”. As the fields
increase, the magnetostrictive foils will become stressed along parallel
axes which are displaced by the thickness of the stainless layer between
them. There is no mechanism to produce a displacement vector in a particu-
lar direction as a consequence of the resulting strains in the Ni foils.
Only a small scale buldging or buckling of each Ni foil is to be expected
and this is usually described as the scattering of phonons at right angles
to the source. Without the stimulated emission of such phonons, there is
no way to insure that one foil buckles toward the stainless layer at a
particular point while the other buckles away.

The stimulated emission of phonons that would be necessary to produce
coherent additions of the displacements arising from the different sources

would imply the existence of a threshold of power, above which two modula-
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tion indices of m would give an effect of 4m? and below which only 2m?. No
such threshold was suggested by data similar to that of Fig. 4.5 which was

obtained over an adequate range of powers.
Magnetic Phase Modulation in Nonmagnetostrictive Permalloys

In both the '®1Ta and 67Zn experiments, which were discussed in Chapter
1, the observed effects were small and required the application of large
fields. An enhancement of the amplitude of the rf magnetic field acting on
the Mossbauer nuclei would clearly result in a larger effect. However,
joule heating and other effects make simply increasing the rf power
unattractive. A more elegant technique, which can be used to enhance the
magnitude of the field seen by the nucleus, is to embed the nuclei under
investigation in a thin ferromagnetic foil24, In this case the magnetiza-
tion of the foil is then controlled by the internal magnetic field B, and a
perpendicular radiofrequency field B.s. The applied radiofrequency field
at the nuclear site is then enhanced by the ratio of the hyperfine magnetic
field to the static field.

Unfortunately, in thin ferromagnetic foils there exists a coupling
between the magnetic and elastic energy of the lattice which manifests
itself as time-dependent magnetostrictive oscillations of the foil when it
is subjected to a radiofrequency field. It is generally believed that this
magnetostrictive-acoustic coupling introduces a Doppler motion of the iron
nuclei and leads to a mechanical frequency modulation of the recoilless
v-radiation which is great enough to produce sidebands to each of the six
allowed magnetic dipole (parent transitions) in the 537Fe Méssbauer spec-
trum.5-7  However, in view of the recent observations of magnetically
induced transitions in the spectra of '8'Ta and 67Zn it seems clear that
this phenomena should be observable in 5’Fe as well and perhaps play a

dominant role in magnetically soft materials, provided that the contribu-
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tions to the sideband intensities due to mechanical effects can be elimi-
nated.8

In this experiment the first clear evidence of radiofrequency modula-
tion of the hyperfine fields of 3’Fe in a nonmagnetostrictive iron-nickel
alloy 1s presented. Iron-nickel alloys, or permalloys as they are called,
are of great scientific and technical interest because of their unusual
magnetic properties. Permalloys are characterized by their high permeabil-
ities and low magnetostriction. The magnetostriction of a polycrystalline
permalloy passes through zero when the composition of the permalloy
approaches 81 percent nickel.?'' More specifically, Mckeehan® established
that to a first approximation the net magnetostriction should be a linear
function of the concentration of either component (Fe or Ni) with a smooth
passage of the magnetostriction through zero at 81 percent nickel. At this
critical compositon in well annealed alloys, hystersis losses are at a
minimum and the permeability is near maximum. The effect of composition
versus magnetostriction is shown in Fig. 4.6.'?2 Clearly, an 81 percent
nickél permalloy is the ideal candidate in which to look for magnetically
induced transitions in the Méssbauer spectrum of 7Fe. With this goal in
mind two permalloy foils were specially prepared for us by ONRL, one foil
with 81 percent nickel and the other with 82 percent nickel. Each foil has
a thickness of 2.5 um with an 5’Fe-enrichment of 92.8 percent of the iron
component of the alloy.

A conventional Méssbauer spectrometer using a 2.9 mCi source in a Pd
matrix was used to obtain the 57Fe absorption spectra. A Wavetek 3510
signal generator with a frequency range of 1 MHz to 1GHz and a 100-Hz
resolution was used along with an ENI 550L 50-W linear amplifier, to
generate the rf field at the absorber. Prior to caking the Méssbauer
absorption spectra of the permalloys, with and without the presence of an
rf field, the permalloy foils were annealed in dry hydrogen at a tempera-

ture of 1000°C for six hours.
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Figure 4.6
Magnetostriction of the class of magnetically soft iron-nickel alloys,

known as permalloys at various fractions of saturation versus the percent

nickel in iron (after reference 12). The magnetostriction passes through

zero when the composition of the permalloy approaches 81% Ni.
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Méssbauer spectra of the 81 and 82 percent permalloy were taken with
and without rf, as shown in Fig. 4.7 and 4.8 respectively. The frequency
of the applied rf field was 60 MHz and the product of power and Q-factor
(PQ) of the resonator in which the foil was mounted was 12.5 watts. This
PQ product is proportional to the intensity of the rf field acting on the
absorber. Within the context of previous experiments on Méssbauer side-
bands this is an extraordinarily low level of input corresponding to only
1.2 Watts of rf power into a Q of 10.42. This is to be contrasted with
results reported in the literature’ to require input powers approaching 1
kW at comparable frequencies.

As is shown by Fig. 4.7b, sideband development is greatest in the foil
in which there is little or no magnetostriction. Assay results from ORNL,
obtained by mass spectrometry and in-house permeability measurements,
confirm that the 81 percent Ni foil has characteristics reported in the
literature necessary for the foil to have a minimum or zero in the magneto-
striction.

Taking advantage of the unusual magnetic properties of a class of
iron-nickel alloys known as permalloys we have, for the first time,
demonstrated a direct interaction of the Méssbauer nucleus 57Fe with a
periodically oscillating magnetic field. The result of such an interaction
is to generate a spectrum in which the six lines (parent transitions) in a
normal absorption spectrum of 57Fe are accompanied by additional absorption
peaks (rf induced sidebands) when the absorber is subjected to a radiofre-

quency field.
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Figure 4.7
(a) Mossbauer absorption spectrum of the 81% Ni permalloy showing the six
parent lines resulting from a magnetic interaction of the dipole moment
with the strong internal hyperfine fields present in the foil. (b) Rf
spectrum of the same foil subjected to a radiofrequency field oscillating
at 60 MHz and a PQ product of 12.5 W. Note the strong sideband development

present in the spectrum even though the foil has negligible magnetostric-

tion.
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Figure 4.8
(a) Méssbauer absorption spectrum of the 82% Ni permalloy foil. (b) Rf
spectrum showing weak sideband development under identical rf conditions as
that used to obtain the data of Fig. 4.7b. Even though this foil has a
non-negligible magnetostriction, the permeability is lower in the 82% Ni
permalloy than in the 81% Ni foil; hence, phase modulation effects are also

weaker.
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CHAPTER 5

EXPERIMENTAL RESULTS II

Introduction

During the last three decades there has been a tremendous number of
publications dealing with wultrasonic and radiofrequency sidebands in
Moéssbauer spectroscopy. Nearly all of these used 57Fe as the Méssbauer
isotope. The only exception to this for ultrasonic sidebands is an
experiment performed in 1962 by Burov et. al.,' on the ultrasonic splitting
of the absorption line of 1'9Sn0,. Radiofrequency sidebands have been
reported in only two isotopes other than 57Fe;2:3 they are '8'Ta and ¢7Zn. In
this chapter the results of an experimental investigation of ultrasonic and

radiofrequency sidebands in ''9Sn are presented.

Chien and Walker Experiment with a Diamagnetic Tin Absorber

During the course of preliminary investigations into rf sidebands, one
experiment of considerable importance was the demonstration of the inabili-
ty to produce rf sidebands in the absorption spectrum of '"Sn by using
ferromagnetic drivers. By the magnetostrictive hypothesis it should be
possible to transfer the sidebands into the tin absorber from ferromagnetic
drivers, similar in technique to the Chien and Walker* experiment.

Tn the initial attempts to develop rf sidebands in tin, the absorber
consisted of a 5 um tin foil with 89.90% enrichement of '"9Sn sandwiched
between two ferromagnetic non-absorbing nickel drivers of either 2.5 or 5
pm thickness. This composite sample was pressed together and rigidly held
in contact by mounting the foils between two glass cover slides each of 100

pym thickness. This arrangement replicated the one wused to transfer
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sidebands to stainless steel. The radiofrequency field was applied by
mounting the foils in a flat coil of about eight turns in an L-C circuit.
To reduce the rf heating of the sample, the rf power was pulsed with a duty
cycle of 1:3 and a pulse duration of 200 msec. Additional cooling of the
sample was accomplished by mounting a small cooling fan above the absorber
in the L-C tank circuit. Since tin is easily oxidized, the experiments
were performed in a nitrogen atmosphere.

A conventional M8ssbauer spectrometer using a 2 mCi source in a CaSnO;
matrix was used to obtain the ''9Sn absorption spectra. To detect the
23.875-keV gamma-rays of the tin, a high resolution EG&G Ge detector and
pre-amplifier which was negatively biased with 1000 V was used. With the
use of an EG&G 552 PSA/T-SCA discriminator, it was possible to filter out
electronically the 25.8-keV characteristic x-ray line of the tin source.

Experiments with a PQ product of up to 800 W were performed with no
clear evidence of sideband development (where P is the applied rf power and
Q is the quality factor of the L-C circuit). To make a comparison with a
Ni-SS-Ni absorber, we note that pronounced sidebands are propagated into a
stainless-steel absorber from the nickel driver foils with PQ products of
only few watts.

The failure to transfer rf sidebands into a 5 um tin foil from a pair
of ferromagnetic driver foils is a very significant result. According to
the magnetostrictive model, acoustic waves should exist in the ferromagnet-
ic foils when they are subjected to an rf magnetic field. When placed in
contact with the tin foil these acoustic vibrations should be detected in
the tin Méssbauer spectrum as sidebands. The fact that this 1is not
observed, even with the application of large rf fields, can be explained by
assuming: (a) the ultrasonic proper:ies of the Ni-Sn-Ni foils are not
conducive to the transport of acoustic vibrations from the nickel to the
tin or (b) the magnetostrictive-acoustic model is incorrect. If the

conclusions drawn by Chien and Walker are even qualitatively correct this
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experiment should work. To assure that this failure is not due to extreme-
ly poor acoustic coupling between the driver foils and the tin, a brief

discussion of the ultrasonic properties of the foils will now be presented.

Ultrasonic Properties of the Ni-Sn-Ni Absorber

The transfer of ultrasound from one material to another is analogous
to the passage of light through materials with different refractive
indices. BRoth phenomena are described by wave equations which are identi-
cal in form. For ultrasonic waves, instead of a refractive index to
characterize the medium it is the acoustic impedence that is of importance.

The acoustic impedence of a material is defined by

Z = pc s (5.1)

where p is the density of the material in g/cm® and ¢ is the velocity of
ultrasound in the material. The acoustic impedence is different for
longitudinal (1) and shear (s) waves, so it is necessary to specify the
type of wave when discussing impedence values of materials.

Closely following the analogy with light waves, the power transmission
coefficient, a,, can be calculated for the transmission of ultrasound from
a material with a high impedence, Z,, into a material with a lower impe-
dence, 2  The power transmission coefficient has been given for ideal

materials at normal incidence as’

I, 622
ap = — 12 : (5.2)
I; (2Z) + Zp?

where I,/I; is simply the ratio of the transmitted intensity of the

acoustic wave to the incident intensity. For longitudinal acoustic waves
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evaluation of Eq. (5.2) yields for a Ni-SS interface (Zy; ~ 49.5 g/cmsec
and Zgg = 45.4 g/cmisec) a value of 99.81% for a,. The same calculation for
a Ni-Sn interface (Zs, = 24.2 g/cmdsec) yields a value of 88.2% for the
power transmission coefficient. For this idealized calculation, we see
that even though the Ni-Sn interface is not as efficient for transport of
ultrasonic waves, as is the Ni-SS foils, it is none-the-less not so poor as
to prevent the formation of sidebands in the tin absorber. Clearly, the
transfer of acoustic vibrations into the tin foil is sufficient for
sidebands to develop iIf magnetostrictive-acoustic oscillations of the
driver foils are the source of the sidebands in a Ni-SS-Ni absorber.

However, even PQ products in excess of 800 W failed to produce the side-

bands in tin.

Ultrasonic Sidebands in Tin

For completeness it was decided to repeat the experiment of Burov et
al.! to determine if tin might have unusual ultrasonic properties making it
particularly difficult to develop acoustic sidebands. The experiment was
performed using the ultrasonic assembly described in Chapter 3. The
absorber was a 1 cm? piece of tin with a thickness of 5 um. The foil,
which was annealed in a purified hydrogen atmosphere for six hours at
200°C, was acoustically bonded to an X-cut quartz pieozelectric transducer
(PZT). The resonant absorption of '""Sn without rf is shown in Fig. 5.1la.
From the figure we see that the resonance is displaced from zero by 2.2
mm/sec. This is the isomer shift due to differing monopole interactions
experienced by the tin nuclei in the source (CaSn03) and the absorber
(metallic tin). The Méssbauer resonance is also very broad, with a FWHM of
about 18 MHz. Figure 5.1b shows the rf spectra taken at the resonant
frequency of the quartz PZT which was 24.0 MHz. Strong first order

sidebands developed in the absorption spectra, as shown by the figure, with
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Figure 5.1
The Mossbauer absorption spectrum of a 5 um tin foil enriched with 89.90%
19sn. (a) Unperturbed spectrum and (b) spectrum of the same foil acousti-
cally bonded to an X-cut piezoelectric transducer oscillating at a frequen-
cy of 24.0 MHz. The rf power applied to the transducer was 60 mW. Clear

first order sidebands due to mechanical frequency modulation are shown to

have developed.
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an applied rf voltage of only 6 mv corresponding to an applied power of
only 60 mW. Similar ultrasonic experiments performed using 310 SS and iron
foils, as shown in Fig. 5.2, demonstrated that ultrasonic sidebands
developed in tin with power levels comparable to that necessary to develop
them in stainless steel and iron foils.

The failure to produce rf sidebands in tin with ferromagnetic drivers
can easily be explained in the context of magnetic phase modulation theory
presented in Chapter 2. Tin is a diamagnetic material with a magnetic
susceptibility of xg, = -31 x 106 (cgs units). Also, since tin has no
uncoupled electrons there is no net spin to allow the propagation of the
large amplitude spin waves generated in the ferromagnetic drivers in the

the tin foil.

Iron-Tin Layered Alloys

Since 57Fe and '"9Sn both have excellant Méssbauer properties, it is
not suprising that there exists an abundance of Méssbauer data on Fe-Sn
alloys and compounds. In this section we are interested in alloying tin
with iron so that the tin nuclei experiences a nonzero internal hyperfine
magnetic field which can be coupled to an rf magnetic field to modulate the
quantum phases of the nuclear states.

When thin foils of iron and tin are placed in contact and heated, an
interphase layer forms at the interface between the foils. The compounds
which form in this layer are contingent upon the temperature and duration
of the heat treatment. Vertes et al.,® demonstrated that at low tempera-
tures (< 300°C) the interface layer will consist primarly of Fe;Sny;. At
higher temperatures (> 400°C)the interphase .ayer will consist mainly of
FeSn,. Vertes et al.® also reports that the thickness of the interphase
region will change according to Ax? = kat, where k is proportional to the

diffusion coefficient for tin into iron and t is the time. From their
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experimental data they concluded that the thickness of the alloyed layer

could be calculated from the Méssbauer absorption spectrum by

d Cs
X - — , (5.3)
1 + RSy/S, C

«
where d is the original thickness of the tin layer, S, and S, are the
corresponding areas under the Méssbauer resonance for both the alloyed and
unalloyed tin. The values C; and C, are the concentrations of the unused
tin and the alloyed tin and R is the ratio of the recoilless fractions.

The construction of the iron-tin layered alloys is as follows. A 6 um
foil of natural iron was held in rigid contact with a 5 um foil of ''9Sn and
placed in an oven and baked at 425°C for six hours in a purified hydrogen
atmosphere to reduce any oxides present in the foils. Under these condi-
tions a layered alloy was formed with the composition Fe + FeSn, + Fe3Sn +
Sn. Figure 5.3a shows the resulting absorption spectra of this composite
absorber. The compond FeSn, is antiferromagnetic with a Neel temperature,
Ty of 393 K.7 The absorption spectrum consist of a paramagnetic component
and hyperfine structure of magnetic origin in the form of an unresolved
doublet which is characteristic of FeSn, with T < T,. With increasing
temperature, the separation of the lines would decrease until T > T,; at
which point they would coalesce into a single 1ine.8 The observed spectrum
corresponds to an incomplete resolution of the hyperfine pattern. The
isomer shift of the center of gravity of the doublet is + 2.2 * 0.1 mm/sec.
In the literature it is reported that the cross-section for the absorption
of the 23.875-keV y-rays of FeSn, is approximately the same as that for
SnOz.8

A study of the magnetic structure of FeSn, by neutron diffraction has
been reported by G. Le Caér et al.,? who found that at room temperature the

magnetic structure is collinear and characterized by ferromagnetic (100)

—'—-——————————J
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Figure 5.2
Ultrasonic sidebands generated in (a) a 2.5 um foil of 310-S8S and (b) a 2.5
pm iron foil. Both absorbers were enriched with 90.89% 5TFe. The side-
bands were generated using an X-cut quartz piezoelectric transducer
oscillating at 24 MHz. The value of the applied rf to the piezoelectric

quartz transducer was 60 mW.
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Figure 5.3

The Mossbauer absorption spectrum of an FeSn, interphase region of a

layered absorber constructed by pressing thin foils of iron and tin

together and heat treating in a purified hydrogen atmosphere. The doublet

structure is due to a magnetic dipole interaction. (a) Spectrum obtained

without rf. (b) Rf spectrum at a frequency of 77.5 MHz with a PQ of 620 W.
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planes coupled to [100} directions. The hyperfine magnetic field felt by
the tin nuclei can be calculated from the splitting of the absorption line
by using Eq. (2.9). From the spectrum in Fig. 5.3a this calculation yields
a magnetic field of approximately 25 kOe at the tin nuclear sites.

The rf spectrum of this layered iron-tin absorber is showm in Fig.
5.3b. The absorber was mounted in a flat coil of a L-C circuit and an rf
magnetic field was applied. With a PQ product of 620 W and a frequency of
75.5 MHz, sidebands up to third order were observed in the '19Sn absorption

specrum.
Nickel-Tin Layered Alloys

Many Méssbauer studies have been carried out on the intermetallic
compounds of FeSn and FeSn,, but limited studies have been carried out on
the intermetallic compounds of nickel and tin. The work of Leideiser et.
al.,'® represents the first such attempt to study the Méssbauer properties
of nickel-tin systems.

Tin and nickel alloy readily, forming compounds such a Ni-Sn, NijzSn,
and NijySn,. Which compound actually forms again depends upon the tempera-
ture and duration of the heat treatment. Nickel-tin alloys have a ''9Sn
absorption spectrum similar to that of FeSn, (Fig. 5.4a) both of which are
due to magnetic dipole interactions. The NiSn alloys have much narrower
line separation than that for the FeSn, spectra (30 MHz vs. 70 MHz);
therefore, lower rf frequencies could be applied without sacrificing the
clarity of the spectrum (i.e. no overlapping resonances), resulting in
sideband development at much lower powers (sideband generation requires
lower rf power at lower frequencies) The magnetic field at the tin
nuclear sites in the NiSn absorbers indicate that they experience an
internal hyperfine field of about 8 kOe. The rf Méssbauer spectrum of the

NiSn layer of the composite absorber is shown in Fig. 5.4b. The rf
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Figure 5.4
Méssbauer spectrum of the NiSn interphase region of a composite absorber
constructed by pressing thin foils of nickel and tin togetnher and heat
treating in a purified hydrogen atmosphere. The doublet is characteristic
of the compound NiSn as reported by Leidheiser et. al.,' and is the result
of a magnetic dipole interaction. The separation of the two peaks is 30
MHz. (a) Spectrum obtained without rf. (b) Rf spectrum at 77.5 MHz

showing strong sideband development with a PQ product of 620 W.
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spectrum was collected at a frequency of 77.5 MHz with a PQ product of 620
W.

The magnetostrictive hypothesis would explain the above experiments if
it were assumed that the acoustic coupling between the tin and driving
foils were greatly increased by the alloying, thereby producing acoustic
waves in the sample. However, the dramatic failure of a Chien and Walker
experiment with a tin absorber sandwiched between ferromagnetic Ni foils
rules out this possibility. Since hyperfine structure is present in the
spectra of the alloys, the sideband development must result from the
modulation of the interaction energy of the applied radiofrequency field
with the nuclear magnetic moments, thereby resulting in phase modulation of

the nuclear states.
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CHAPTER 6

EXPERIMENTAL RESULTS III

Introduction

The excitation of coherent transients in Méssbauer spectra has been
previously limited to a low range of frequencies by the high powers
required to modulate the nuclear phases.! Reported in this chapter is an
eleven orders-of-magnitude increase in the efficiency through which such
phenomena can be produced. Magnetic modulation of the quantum phases of
57Fe nuclei has been produced by magnetostatic spin waves excited at large
amplitudes in a paramagnetic stainless steel foil. Transport of the waves
allowed the observation of coherent effects in a region where spurious
acoustic vibrations were absent. Sidebands were found on the 1l4.4-keV line
of 57Fe with less than a 1% contribution from the phonons.

The propagation of magnetoelastic waves is a complex problem which has
been intensively studied since 1958.2 For many magnetic media the disper-
sion equation for such waves displays several branches3:.* which can be
individually identified with spin waves, magnetostatic waves or elastic
waves, as shown in Figure 6.1, Mixed waves coupling magnons and phonons
occur principally when branches intersect, so that the frequencies and
wavelengths for both are nearly equal.? Away from those values of parame-
ters magnetic and acoustic waves can be separated. In principle this
offers a means to propagate only the former to a sample in which it is
desired to magnetically modulate the phases of the states of the nuclei to
be observed there without the concomitant introduction of acoustic noise.

The most convenient of the Méssbauer transitions for modulation
experiments is the 14.4-keV transition of 57Fe diluted in a thin metal

foil. The propagation of magnetic waves in conductive foils presents a
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Figure 6.1
Dispersion curve showing a plot of the wavevector k of spin waves as a
function of energy (after reference 4). Away from the cross-over region

the waves are essentially purely magnetic or purely elastic.
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special problem because of eddy current losses and Kittel has given an
approximation? which would limit the mean free path for a magnon to a few
wavelengths for the frequencies of tens of MHz which would be interesting
for use with 57Fe. For this reason the preferred choices for the propaga-
tion of magnetization in such thin metallic foils are the magnetostatic
waves characterized by long wavelengths and high group velocities35 that
are quite removed from intersections with acoustic branches. Wavelengths
can readily reach the scale of millimeters and it has been demonstrated
that dispersion properties are little affected by raising the temperature
of the foil above the Curie point® so that the material becomes paramagnet-
ic.

The stainless steel used in these experiments was a nonmagnetic alloy,
310 which was expected7 to have a susceptibility of about 4000 (x10°8) .
When enriched in 57Fe, it displays a single absorption line at 14.4-keV.
Relatively recently, it has been shown® how to communicate the large values
of magnetization characteristic of ferromagnetic materials into thin foils
of paramagnetic media, such as stainless at room temperature, by sandwich-
ing it between ferromagnetic layers. Such an arrangement was used in the
experiments reported here to launch a wave of oscillating magnetization
into a stainless tape, enriched in 37Fe so that nuclear phase modulation
might be observed at a distance from the source of the disturbance that was
greater than the range for the transport of acoustic phonons.

This experiment employed a conventional Méssbauer spectrometer with a
2mCi 57Co source in a Pd matrix to obtain the 57Fe resonance spectra in a
transmission geometry. To detect the 14.4-keV gamma rays we used a high
resolution EG&G high purity Ge detector. A Wavetek Model 3000 signal
generator and a 50 db ENI-3251LA linear radiofrequency (rf) amplifier
provided the oscillating magnetic field.

To calibrate the contributions from ultrasonic and phase modulation

effects two independent techniques of sideband generation were used. As a
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basis for comparison, ultrasonic sidebands were excited on the unsplit
absorption line of 5’Fe nuclei in a stainless steel foil by sinusodial
vibrations injected with a 25 MHz piezoelectric transducer. As shown in
Fig. 6.2a, an 8 mm x 10 mm section of a larger 53’Fe-enriched stainless
steel foil of 2.5 um thickness was acoustically bonded to the transducer.
The remaining length of the 10 mm X 20 mm stainless foil was gently curved,
forming a 90 degree angle with the plane of the transducer. Mechanical
support was provided for the transverse section of foil by mounting it
between glass cover slides which were then fastened to the transducer cell.

In the usual longitudinal geometry for a transmission experiment, a
convenient level of input power of 0.06 W produced the reference level of
sideband development seen in Fig. 6.3 in which the 4th order contained 34%
of the intensity remaining in the parent transition. In the transverse
geometry, the effect of phonons transported in the foil about 1 cm around a
bend of 90 degrees could not be detected even with a tenfold increase in
power above the reference level. Such an absence of phonons seems consis-
tent with the difficulties expected in propagating transverse wvibrations
through a medium thin in comparison to a wavelength of sound. This
experiment was performed with both X- and AT-cut quartz crystals for
transducers as shown in Figs. 6.2a and 6.2b. Sidebands were not observed
in the transverse geometry in either case, and the AT-cut transducer
required a larger input power of 2.9 W in the longitudinal geometry in
order to obtain the same reference level of sideband development.

In the second experimental arrangement, the piezoelectric transducer
was replaced with a pair of 2.5 um foils of ferromagnetic Ni (8 mm x 10 mm)
which were periodically magnetized as shown in Fig. 6.2c. The foils
(N1-8S-Ni) were held in rigid contact by sandwiching them between glass
cover slides. The protruding section of the stainless foil was again bent

at an angle of 90 degrees and enclosed between glass cover slides in the
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Figure 6.2
Schematic representation of the mounting arrangements used in the excita-
tion of sidebands on the Méssbauer absorption line of 5’Fe in a 2.5 um
thick stainless steel (SS) foil shown as shaded. The optical path from
gamma source to detector is shown by the dotted arrow for the orthogonal
directions marked as longitudinal and transverse. Excitation is injected
into the horizontal face of the SS-foil and the vertical face is mechani-
cally stabilized by the 100 um thick glass cover slides sandwiching the
absorber foils.
(a) Vibrational excitation injected by the X-cut quartz crystal transducer
connected to a radiofrequency oscillator.
(b) Vibrational excitation injected by the AT-cut quartz crystal
transducer connected to a radiofrequency oscillator.
(¢) Spin waves injected by the periodic oscillation of the Ni foils
pressed onto the absorber foil by additional cover slides not shown and
excited by the magnetic field in an inductor containing the Ni foils. The

vertical section protrudes from the coil between windings.
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Figure 6.3

Absorption spectra of 57Fe in stainless showing sidebands developed by
phonons present in the sample foil.

(a) Reference spectrum observed in the longitudinal geometry at a level of
excitation of 0.06 W in the piezoelectric crystal.
(b) Sidebands observed in the transv:rse geometry of Fig. 6.2a for an

excitation level of 0.7 W. Only the unsplit parent line is seen.

¢
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same way as before. Mechanical rigidity was provided to the absorber
assembly by a plastic frame.

An rf magnetic field of 0.07 mT was applied to the absorber via a
flattened induction coil of a tuned L-C circuit. In the longitudinal
geometry for observation the rf power level was adjusted to give about the
same reference level of sideband development as had been generated with the
piezoelectric transducer, thus facilitating a direct comparison of the
propagation of ultrasonic sidebands with those induced by phase modulations
generated by magnetostatic waves.

The spectra obtained in the longitudinal and transverse geometries of
Fig. 6.2c are shown in Fig. 6.4. In the transverse geometry at this same
level of input power, first order sidebands containing about 22 percent of
the intensity of the parent line developed. This represents a level 10
times the threshold for detection and hence 100 times any component
contributed by acoustic phonons as determined from the data of Fig. 6.3
obtained with the experimental arrangement of Fig. 6.2a. It seems that
these experiments have shown that an oscillating alignment of spins can be
propagated through such a stainless foil better than mechanical vibrations
can be transported under the same condition.

Excited on one end by the oscillating magnetization of a strip of
ferromagnetic Ni, the absorber foil showed the strong development of
sidebands at the other end where mechanical vibrations were shown to
contribute less than 1% of the signal. In these experiments the driving
amplitude, H, in the Ni, was only 0.07 mT while the frequency was 23.74
MHz. Without the excitation of spin waves the effect should have been
smaller by at least the ratios of the scaling parameters,!' (B,/w)?, a factor
of 10" for this case. Even with some attenuation of the spin waves during
transport, the great enhancement in the effects of coherent modulation

which they produced in this arrangement makes possible the examination of
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Figure 6.4
Absorption spectra of 5’Fe in stainless showing sidebands resulting from
the modulation of nuclear phases by spin waves present in the sample foil.
(a) Reference level of excitation observed in the longitudinal geometry of

Fig. 6.1b at a field amplitude of 0.07 mT.

(b) Sidebands observed in the transverse geometry for the same driving
field of 0.07 mT.
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many predicted coherent phenomena over practical ranges of tuning at

accessible levels of input powers.

Bridging Experiments

In the previous section it was shown that radiofrequency sidebands
induced in a paramagnetic stainless foil from a pair of ferromagnetic
drivers could be transported away form the source foil along a length of
stainless tape. It was demonstrated that the acoustic vibrations in the
foils contributed less than 1% of the signal of the transported sidebands.
Without the excitation of spin waves the effect should have been smaller by
at least the ratios of the scaling parameters, (Bg/w)2, a factor of 10" for
this case. If indeed spin waves are the transport mechanism for these
magnetically induced sidebands then it should be possible to transport this
effect through any paramagnetic material. In this section the results of a
series of experiments designed to qualitatively verify that spin waves are
the transport mechanism of magnetic sidebands in paramagnetic materials and
also provides the remarkable amplification of the phase modulation of
nuclear states observed in the last section.

Spin waves (or magnons) are low-lying excitations that occur in
ordered magnetic materials. In ferromagnetic or anitferromagnetic materi-
als the long-range magnetic ordering decreases as the temperature increases
until eventually there is a phase transition to a disordered (paramagnetic)
state. This critical temperature is known as the Curie temperature T; in
ferromagnets and as the Neel temperature T, in antiferromagnetic materials.

The concept of spin waves, as the lowest lying magnetic states above
the ground state, was introduced by Bloch in 1930. He hypothesized the
spin waves as deviating slightly from their ground state, and that these
disturbances would then propagate with a wavelike behavior through the

material.
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Several techniques are used to study spin waves. Light scattering
from magnons and inelastic neutron scattering are the most useful tech-
niques for studying the dispersion of magnons. Electron energy loss
spectroscopy is another scattering technique used to study excitation on
crystal surfaces. Magnetic resonance spectroscopy can also be used.

The absorber arrangement for the sideband transport experiments
reported in this section is shown in Figure 6.5. A 2.5 um, ferromagnetic
nickel foil with a surface area of 1 cm?® was used as the source of large
amplitude magnetic oscillations which were injected into a variety of foils
with varying magnetic susceptiblilites. The bridging foils were chosen on
the basis of whether or not they have a positive or negative magnetic
susceptibility which would indicate whether the material is paramagnetic (x
> 0) or diamagnetic (x < 0). If spin waves are the transport medium, then
large amplitude spin waves generated in the nickel foil should propagate
across a paramagnetic bridge which connects the nickel and stainless foils.
In diamagnetic materials where there are no unpaired electrons, the medium
for spin wave transport is nonexistent and the waves of oscillation
magnetization quickly die out once they enter the material. The resuiting
phase modulation of the nuclear states is then detected in the 310 SS
paramagnetic absorber enriched with 90.82% 37Fe of the iron component of
this alloyed foil.

The results of these experiments for a variety of bridging materials
is summarized in Table 6.1. All of the data for the bridging experiments
was collected with an rf frequency of 24.0 MHz and a PQ product of 150 W.
The second column of the table gives the magnetic susceptibility of the
bridging material. A cursory examination of table reveals the mechanism
responsible for the transport of nuclear phase modulation effects can
propagate only through paramagnetic bridging foils, a result consistent

with the spin wave hypothesis.
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Figure 6.5
Absorber configuration of the rf bridging experiments. The foils were
mounted between glass cover slides for mechanical rigidity. The rf field

was applied to the foils by mounting the assembly in the induction coil of

a tuned LC-circuit.
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Absorber Arrangement for

Sideband Transport Experiments
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Table 6.1
Summary of experimental results for the rf bridging experiments. As can be
seen the mechanism responsible for transporting the magnetically induced
sidebands from the nickel source to the stainless steel absorber can be
propagated only by paramagnetic materials. The transport of this effect is
also independent of the acoustic coupling between the foils. The results
of the bridging experiments are consistent with the spin wave hypothesis

discussed in the text.
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. Acoustic

Bridging | Susceptibility impedence | Effect

Material Z=pcC
X (10 -6 cgs) Transported
(25 pm) (10  g/cm %sec)

Aluminum + 16.5 17.33 yes
Copper - 546 44.74 no
Silver - 195 37.96 no
310-SS + 4000 45.4 yes

Tin - 370 24.24 no

Titanium + 153.0 27.32 L yes
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As a basis of romparision the acoustic impedences of the bridging
foils are also given in Table 6.1. The acoustic impedance, as was dis-
cussed in Chapter 5, is simply a measure of how well acoustic vibrations
can be propagated through a material. As can be seen from the table there
is no correlation between the acoustic coupling of the foils and the
transport of the effect, whereas the correlation between the transport of
the effect and the magnetic properties of the bridging foil is excellent.
For example, consider the case for Al which has a magnetic susceptibliity
of + 16.5 (x10°6 cgs) and shows a strong transport of sidebands as seen in
Figure 6.6a, yet it has very poor acoustic properties compared to the
nickel source and the stainless absorber. In contrast, Cu which has very
good acoustic matching with the Ni and SS foils does not transport the
effect as seen in Figure 6.6b. From the results of these bridging experi-
ments it is possible to conclude that the sidebands transported across a
paramagnetic bridging foil is the result of nuclear phase modulation and
not mechanical frequency modulation. The results of this experiment
furthur supports the spin wave transport hypothesis presented in the

previous section.
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Figure 6.6
Representative data sets showing (a) the transport of sidebands across a
paramagnetic Al bridge and (b) no transport of the effect across a diamag-
netic Cu bridge foil. The bridging foils were both 25 um thick. The

frequency of the rf was 24.0 MHz with a PQ product of 150 W for the applied
rf,
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CHAPTER 7

SUMMARY AND CONCLUSIONS

The interaction of the nucleus with long wavelength (rf) radiation has
been studied using the Méssbauer effect for more than two decades. As
first proposed by Mitin,! this interaction could result from a multiphoton
interaction where a quantum of rf is simultaneously absorbed along with a
quanta of gamma-ray energy under Méssbauer conditions. These multiphoton
effects should be observed as sidebands accompanying the usual Méssbauer
transitions. While probably observed for 20 years2 the effects, however,
were initially confused with mechanical frequency modulation first reported
by Ruby and Bolef3. Later researchers,*> studying the influence of rf
magnetic fields on the Méssbauer transitions in iron foils enriched with
57Fe, incorrectly assumed that the rf sidebands thus observed were the
result of a periodic displacement of the Méssbauer nuclei driven by the
magnetostrictive oscillations of the foils, This conceptual error was
later compounded by the work of Chien and Walker’ who developed a scheme
where sidebands could be transfered into nonmagnetic absorbers from
ferromagnetic driver foils. They incorrectly assumed that under the
influence of rf magnetic fields acoustic waves were set up in the ferromag-
netic foils and then transferred in to the absorber foil. The acoustic
vibrations were then believed to be detected as sidebands on the Méssbauer
transitions. This dissertation reports the reexamination of rf sidebands
in various absorber arrangements and concludes that the magnetostiction
model of rf sideband development is incorrect.

In chapter 4 the resul: s of two experiments were presented which
demonstrate that the magnetostrictive model of rf sidebands does not
explain the new experimental evidence reported in this work. The first

experiment reexamined and extended the Chien and Walker experiment which
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from current perspective was considered to be the bulwark of the magneto-
strictive-acoustic hypothesis. The results of this experiment supported
only the first conclusion reached in that original work, namely that the
causitive agent of rf sidebands can be produced in a ferromagnetic layer
and then transported into a nonmagnetic layer. Their other conclusion was
completely refuted by data presented in Chapter 4 because the effects they
attributed to the type of coupling between layers was seen to result from
the relative number of magnetic and nonmagnetic layers. 1In this disserta-
tion it was found that the effect of two ferromagnetic source foils varied
from two to four times the effect produced by a single foil, depending upon
the static magnetic bias applied, a result not explained by the magneto-
strictive-acoustic hypothesis.

The second experiment reported in Chapter 4 demonstrated that the
magnetostrictive properties of the absorber foils does not correlate with
the observed sideband development. In this experiment two iron-nickel
alloys professionally prepared for us by ORNL served as the absorber foils.
These alloys or permalloys as they are called, possessed unusual magnetic
properties in that at a composition near 81% Ni the magnetostriction of the
foil passed through zero in at least two crystalographic directioms. By
comparing the sideband development in two foils with compositions near this
critical point it was demonstrated that sideband development anticorrelated
with magnetostriction and correlated with the higher permeability of the
nonmagnetostrictive foil.

In Chapter 5 the results of an experimental investigation into the rf
sideband development in the absorption spectra of ''9sn were reported. Here
it was found that sidebands could not be propagated into a diamagnetic tin
foil from a pair of ferromagnetic drivers, even with the application of rf
powers nearly three orders of magnitude greater than that necessary to
induce sidebands in a paramagnetic 310 stainless steel foil. Even consid-

ering the slightly poorer acoustic coupling between the nickel and tin, as
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compared to a nickel-stainless interface, the magnetostrictive-acoustic
model cannot explain this failure.

In the remaining two experiments reported in Chapter 5, tin was
alloyed with iron and nickel forming the magnetic compounds FeSn, and NiSn.
Here it was found that sidebands easily developed with application of
reasonable rf powers. The results were explained using nuclear phase
modulation theory presented in Chapter 2. By coupling the naturally
occuring hyperfine magnetic fields at the nuclear sites with the rf fields,
large scale phase modulation effects were observed in these binary metallic
compounds .

The experimental results of Chapter 6 represents the most convincing
argument against the magnetostrictive-acoustic model. In the first
experiment discussed, a direct comparision between ultrasonic and magnetic
sidebands was made. As a basis for comparision, sidebands were excited
upon the unsplit absorption line of 57Fe nuclei embedded in a paramagnetic
310 stainless steel foil by the sinusoidal vibrations injected with X and
AT-cut transducers. In the usual longitudinal geometry for transmission
experiments, a convenient level of input power produced a reference level
of sideband development that resulted in sideband development up to &4th
order which contained 34% of the intensity remaining in the parent line.
In the transverse geometry, the effect of phonons transported in the foil
about 1 cm around a bend of 90 degrees could not be detected even with a
tenfold increase in rf power above the reference level.

Replacing the piezoelectric source of ultrasonic phonons with a pair
of 2.5 um foils of ferromagnetic nickel subjected to an rf magnetic field,
gave the opportunity to launch what is believed are large amplitude spin
waves into the magnon fluid of the paramagnetic foil. The longitudinal
geometry was used to set the same reference level of sideband development
at the source. In the transverse geometry at this same level of input

power, the first order sidebands were found to have 20% of the intensity of
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the parent transition, a level 10 times the threshold for detection and,
hence, 100 times any component contributed by acoustic phonons. It is
believed that these sidebands are the result of nuclear magnetic phase
modulation of the quantum phases of 37Fe nuclei which were produced by spin
waves of large amplitude transported from the ferromagnetic source. This
represents an eleven orders-of-magnitude increase in the efficiency through
which phase modulation effect can be produced.

The second experiment reported in Chapter 6 further strengthens the
argument in favor of spin waves as the transport mechanism of the magneti-
cally induced sidebands. Here it was shown that these sidebands could be
propagated from a ferromagnetic scurce across a paramagnetic "bridge" and
then detected in a stainless tape enriched with 37Fe. It was found that
sidebands could only be propagated through materials which have a nonzero
spin, that is to say sidebands cannot be propagated across a bridge of
diamagnetic material.

In summary, the results presented in this dissertation resolve a
controversy which has existed in the literature for over 20 years. It was
shown that nuclear magnetic phase modulation is indeed observed and that
the effect can be transported a considerable distance through a foil by
first coupling the rf field to the individual magnons in a material and

then coupling to the nucleus, to modulate the quantum phases of the nuclear

states.
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